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INTRODUCTION:

The work supported by the DOD TSCRP examined the molecular basis of nervous system assembly
mediated by genes in the signaling pathway that includes tuberous sclerosis 1 and 2 (TSC1 and TSC2).
This pathway is fully represented in the fruitfly Drosophila melanogaster and we took advantage of the
detailed molecular genetic, morphological and physiological methods available in this system to
characterize how disruption of this pathway alters nervous system function. Our focus was on two
elements of nervous system development, axon pathfinding and synapse assembly. The Drosophila
visual system provides a beautiful model for tracking axon pathfinding during development and we used
this system to demonstrate that signaling via the TOR-TSC pathway is critical for axon guidance. We
employed the neuromuscular junction of the larval body wall muscles to investigate how TOR-TSC
signaling affects events assembly and function of a glutaminergic synapse, which is the principal
excitatory synapse in the vertebrate nervous system. We were able to determine what elements of TOR-
TSC signaling govern each of these critical processes in neural development and suggest key regulatory
points where an intervention could ameliorate the neurological and behavioral effects of TSC1/2
disruption in humans.
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BODY:

The following provides the state of work included in the original grant application.

Task 1.

Task 2.

Task 3.

To identify the specific signaling components that mediate axon guidance and synapse assembly
in response to TSC signaling.

Generate null alleles of Drosophila raptor (specific component of TORC1) and rictor (specific to
TORC?2) through imprecise excision of existing P element lines. (Months 1-6)

Quantify and characterize photoreceptor axon guidance and motoneuron synapse assembly
phenotypes in raptor and rictor mutant animals, under normal and altered Tsc/Tor signaling.
(Months 7-12)

In neurons with altered Tsc-Tor signaling, determine the activation state of S6K and Akt, critical
targets of TORC1 and TORC?2 signaling, respectively. (Months 1-4)

Characterize axon guidance and synapse assembly phenotypes under normal and altered Tsc/Tor
signaling in S6K or Akt mutant animals, and in the presence of constitutive S6K or Akt activation.
(Months 1-12)

To characterize the role of actin cytoskeleton dynamics in Tsc/Tor-dependent axon guidance and
synpatogenesis phenotypes.

Determine activity and phosphorylation state of candidate cytoskeletal regulators (RhoA, Racl,
Pak, Rok) in Tsc1l mutant neurons from eye imaginal disc extracts. (Months 12-24)

Perform genetic interaction and epistasis analysis between Tsc-Tor pathway components and
cytoskeletal regulators Lim1 kinase and cofilin. (Months 12-24)

To characterize the physiological and structural alterations at the neuromuscular junction that
result from dysregulation of Tsc, Tor, and Rheb function to determine how this pathway affects
synaptic function.

Assess the number of active zones in synapses with increased altered Rheb, Tsc1,Tsc2 or Tor
function.

Measure the size of two critical synaptic vesicle pools, the readily releasable pool, and the reserve
pool, to determine how loss of Tsc function, and activation of Rheb produce a synapse with
enhanced signaling capacity.

What follows is a point-by-point description of our findings pertinent to each of these specific tasks.

Task 1a. Generate null alleles of Drosophila raptor (specific component of TORC1) and rictor (specific
to TORC?2) through imprecise excision of existing P element lines. (Months 1-6)

While in the process of generating mutant alleles of rictor and raptor, two genetic components affecting
TORCI1 (TOR complex 1) and TORC2 (TOR complex 2) signaling respectively, mutants or RNA
interfering constructs (or both) became available through the efforts of other laboratories.
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We used these tools to determine how raptor and rictor signaling affected the two primary phenotypes
we examined, disruption of axon guidance in the visual system and synapse growth of the larval
neuromuscular junction. The following is the relevant excerpt from the abstract of the paper published
describing this and other findings(1):
“While axon guidance and behavioral phenotypes were affected by altering the function of a Tor
complex 1 (TorCl) component, Raptor, or a TORC1 downstream element (S6k), synapse
overgrowth was only suppressed by reducing the function of Tor complex 2 (TorC2) components
(Rictor, Sinl). These findings demonstrate that different inputs to Tor signaling have distinct
activities in nervous system development, and that Tor provides an important connection between
nutrient-energy sensing systems and patterning of the nervous system.

These findings showed that axon guidance and synapse growth were separable functions of TOR-TSC
signaling, and suggests that both of these pathways must be regulated to insure normal neural
development. The experimental methods and detailed findings are found in the attached Appendices.

Task 1b. Quantify and characterize photoreceptor axon guidance and motoneuron synapse assembly
phenotypes in raptor and rictor mutant animals, under normal and altered Tsc/Tor signaling.

Most of our analysis for this task was directed at determining the effect of compromising raptor or rictor
function in the context of hyperactivation of Tor signaling, the situation that occurs in tuberous sclerosis.
These findings were published in Dimitroff et al. (2012). Our results were summarized in the following
segment of our paper as outlined above: “While axon guidance and behavioral phenotypes were affected
by altering the function of a Tor complex 1 (TorC1) component, Raptor, or a TORC1 downstream
element (S6k), synapse overgrowth was only suppressed by reducing the function of Tor complex 2
(TorC2) components (Rictor, Sinl). These findings demonstrate that different inputs to Tor signaling
have distinct activities in nervous system development, and that Tor provides an important connection
between nutrient-energy sensing systems and patterning of the nervous system.”

Task 1c. In neurons with altered Tsc-Tor signaling, determine the activation state of S6K and Akt,
critical targets of TORC1 and TORC?2 signaling, respectively.

This proved a difficult task with the antibody reagents that were available at the time. We wanted to use
phospho-S6K and —Akt specific antibodies in whole mount preparations to detect the activated forms of
these signaling molecules as well as their physical location in cells. The antibodies available did not
provide signal in a whole-mount preparation. They were originally described for use with Western blots
and unfortunately did not work with fixed, whole-mount brain preparations.

Task 1d. Characterize axon guidance and synapse assembly phenotypes under normal and altered
Tsc/Tor signaling in S6k or Akt mutant animals, and in the presence of constitutive S6K or Akt
activation.

We did an extensive amount of work, primarily on Akt. Our initial studies demonstrated that Akt had a
critical function in the assembly of postsynaptic specializations and we focused our efforts on those
findings that resulted in a publication in Dev Neurobiology (2). A summary of our findings is as follows:
“The Akt family of serine-threonine kinases integrates a myriad of signals governing cell proliferation,
apoptosis, glucose metabolism, and cytoskeletal organization. Akt affects neuronal morphology and
function, influencing dendrite growth and the expression of ion channels. Akt is also an integral element
of PI3Kinase-target of rapamycin (TOR)-Rheb signaling, a pathway that affects synapse assembly in
both vertebrates and Drosophila. Our recent findings demonstrated that disruption of this pathway in
Drosophila is responsible for a number of neurodevelopmental deficits that may also affect phenotypes
associated with tuberous sclerosis complex, a disorder resulting from mutations compromising the
TSC1/TSC2 complex, an inhibitor of TOR (Dimitroff et al., 2012). Therefore, we examined the role of
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Akt in the assembly and physiological function of the Drosophila neuromuscular junction (NMJ), a
glutamatergic synapse that displays developmental and activity-dependent plasticity. The single
Drosophila Akt family member, Aktl selectively altered the postsynaptic targeting of one glutamate
receptor subunit, GIuRIIA, and was required for the expansion of a specialized postsynaptic membrane
compartment, the subsynaptic reticulum (SSR). Several lines of evidence indicated that Aktl influences
SSR assembly by regulation of Gtaxin, a Drosophila t-SNARE protein (Gorczyca et al., 2007) in a
manner independent of the mislocalization of GIuRIIA. Our findings show that Aktl governs two critical
elements of synapse development, neurotransmitter receptor localization, and postsynaptic membrane
elaboration.”

This work established the role of Aktl in postsynaptic development and showed the functional separation
of its role in elaboration of the specialized post-synaptic membrane, the subsynaptic reticulum (SSR),
and the directed localization of the glutamate receptor IIA subunit. We provided a number of lines of
evidence that the t-SNARE encoded by Gtaxin was required for the Aktl-mediated control of SSR
elaboration.

Task 2. We did not work on task 2 on account of interesting findings with Akt and our pursuit of those
results.

Task 3. Characterize the physiological and structural alterations at the neuromuscular junction that
result from dysregulation of Tsc, Tor, and Rheb function to determine how this pathway affects synaptic
function.

The physiological and structural alterations at the NMJ for a number of components of the TOR-TSC-
Akt signaling apparatus are described throughout the three papers we have published from the DOD
supported work (1-3) using both electrophysiological methods and transmission electron microscopy.
However, we did not assess the synaptic pool size using FM1-43, as originally proposed.

A New Task

One important finding that was not originally a proposed task but was nonetheless and important aspect
of our DOD-funded work was the discovery that the nutrient and energy-sensing pathway that impinges
on TOR-TSC signaling, also influenced phenotypes produced by inappropriate activation of signaling, as
occurs in tuberous sclerosis patients. Interestingly, dietary restriction, which could potentially decrease
the signaling through this pathway was able to rescue both behavioral and morphological deficits in the
nervous system in animals with overexpression of rheb. Synapse overgrowth however, was not rescued
by the same level of either AMPK expression or dietary restriction (1). This suggests a possible
molecular mechanism for the known effects of dietary treatment of seizures, including in patients with
tuberous sclerosis. Diets with limited levels of carbohydrate calories (so called ketogenic diets) are
known to be effective treatments in some children with intractable seizures.

Statistical Significance.

The work we have described in three manuscripts was all assessed using widely accepted statistical
methods to determine the significance of the many findings we have reported. The methods and
approaches are all outlined in detail in the refereed and published work provided in the Appendix.



KEY RESEARCH ACCOMPLISHMENTS:

e The goal of our project was to use the fruitfly Drosophila melanogaster, to identify
molecular mechanisms affecting nervous system development and behavior that occur
as a consequence of Tsc-Tor-Rheb signaling disruption, mimicking the types of changes
known to occur in human patients with tuberous sclerosis.

e We showed that synapse overgrowth mediated by Rheb was insensitive to rapamycin, a Tor
Complex 1 inhibitor, suggesting that other Tor-containing complexes mediate these changes in
synapse function.

e The second paper established that different Tor-containing complexes (TorC) mediated
distinct neurodevelopmental events, allowing us to separate TorC1 and TorC2-dependent
processes.

e This work also demonstrated that caloric content was able to affect the severity of behavioral and
morphological deficits produced by hyperactivation of the Tor pathway, presumably via the
energy or amino acid sensing elements of Tor signaling. This finding was startling to us, and
provided a very clear indication that environmental factors, in the form of calorie levels and
content, could potentially be used to regulate Tor signaling and the neurological and behavioral
consequences of disruptions of that pathway. Our work also suggests that pharmacological
intervention of Tor signaling will ultimately need to regulate both TorC1 and TorC2 mediated
processes to achieve the best effects.

e The third and final paper describing work supported by the DOD funds, examined a key
downstream affector of Tor signaling, Aktl. In this work we demonstrated that Aktl plays a
critical role in two fundamental aspects of synapse assembly, control of neurotransmitter receptor
composition and postsynaptic membrane specializations. These findings have implications for a
number of behavioral and neurological disorders where Akt function has been implicated,
including schizophrenia.



REPORTABLE OUTCOMES:

Three peer-reviewed publications were produced from the DOD grant support.
Pubications resulting from DOD support.

1. Dimitroff B, et al. (2012) Diet and energy-sensing inputs affect TorC1-mediated axon misrouting
but not TorC2-directed synapse growth in a Drosophila model of tuberous sclerosis. (Translated
from eng) PL0S One 7(2):¢30722 (in eng).

2. Lee HG, Zhao N, Campion BK, Nguyen MM, & Selleck SB (2013) Akt regulates glutamate
receptor trafficking and postsynaptic membrane elaboration at the Drosophila neuromuscular
junction. (Translated from eng) Developmental neurobiology 73(10):723-743 (in eng).

3. Knox S, et al. (2007) Mechanisms of TSC-mediated control of synapse assembly and axon
guidance. (Translated from eng) PL0S One 2(4):e375 (in eng).

Patents, inventions and Research Materials

We do not have any patents or inventions in place or pending based on this DOD sponsored

research but all published materials are available to other researchers. For example we receive requests
for fly stocks and send out those materials freely. They are all available upon request.

Training supported by DOD award

A number of undergraduate students, PhD students and postdocs have participated in the work supported
by the DOD. Individuals who are co-authors on the publications and received training through our work
are provided below.

Sarah Knox. Sarah was a postdoctoral fellow in my lab and is now an Assistant Professor at the
University of California, San Francisco, Department of Cell & Tissue Biology.

Yi Ren. Yicompleted a Master’s degree under my direction as is now on staff at the University of
Minnesota in the Department of Medicine, Division of Cardiology under the sponsorship of Dr. Garry.

Katie Howe. Katie received her PhD under my direction and now works for the National Marrow
Donors Program, with its international headquarters in Minneapolis, MN.

Adrian Watson. Adrian was an undergraduate student in my laboratory at the University of Minnesota
and went on to enrolling in the PhD program in Molecular Biology at this institution.

Bridget Campion. Bridget obtained her PhD in my laboratory and is currently teaching at Marquette
University in Milwaukee, WI.

H-G. Lee. Dr. Lee was a postdoctoral fellow in my group at Penn State University and is now Research
Professor at the Life Science Gwangju Institute of Science and Technology (Gwangju, Republic of
Korea).

Na Zhao. Na is currently a PhD student in my group, scheduled to complete her thesis this summer
(2014).



CONCLUSION:

When we began this work the prevailing hypothesis was that the neurological manifestations of tuberous
sclerosis in humans was the result of the many benign tumors that resulted from loss of TSC1 or TSC2
function. There was clinical and pathological data suggesting otherwise, namely that seizures were
found in individuals without overt tumors and there was not a correlation between the severity of
neurological symptoms and the tumor burden assessed radiologically. We proposed our work to test an
alternative hypothesis, that TSC1/2 affected the signaling of a molecular pathway that alters the
development of the nervous system and the function of mature synapses. Our work has contributed to
the proof that this is indeed the case, providing a molecular and cellular understanding of this disorder.

Our first paper supported by DOD funds demonstrated that disruption of TOR signaling in the fruit fly
Drosophila had profound effects on both synapse development and axon guidance. This was one of the
initial studies establishing the important of this pathway in fundamental neural development processes.
We used a variety of morphological, physiological and genetic methods to establish the phenotypes
resulting from disruption of different components of the pathway.

The initial report led us into more mechanistic studies, examining precisely what components of the
pathway governed either axon guidance or synapse assembly. Our second paper provided the results
from those studies, demonstrating that axon guidance and synapse growth affected by TOR-TSC are
molecularly separable processes, governed by two distinct TOR-containing complexes. We also
demonstrated that signaling processes that sense energy and nutritional status, and impinge on TOR-TSC
signaling, could also affect neurodevelopmental outcomes produced by disruption of TSC. This was in
our view a profound result demonstrating the importance of gene-environment interactions in governing
the severity of phenotypes produced by a known genetic lesion. It also suggests a mechanism for how
the ketogenic diet might control seizures in patients with tuberous sclerosis as well as other epileptic
syndromes.

Finally, we examined the function of a key downstream element of TOR-TSC signaling, Aktl. Our
analysis provided some surprising conclusions, namely that Aktl affected the directed targeting of a
particular glutamate receptor subunit to the neuromuscular junction. Aktl was also required for the
normal elaboration of the specialized membrane of the postsynaptic cell. We demonstrated that these two
activities are separable, and Aktl-mediated control of the t-SNARE Gtaxin was likely the mechanism of
postsynaptic membrane elaboration. These findings, published in Developmental Neurobiology,
provided the first evidence that Akt is critical for selecting the type and characteristics of neurotransmitter
receptors during development and was required for the normal assembly of specialized membrane that
organize the synaptic receptor apparatus.
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Mechanisms of TSC-mediated Control of Synapse
Assembly and Axon Guidance
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Tuberous sclerosis complex is a dominant genetic disorder produced by mutations in either of two tumor suppressor genes,
TSC1 and TSC2; it is characterized by hamartomatous tumors, and is associated with severe neurological and behavioral
disturbances. Mutations in TSC1 or TSC2 deregulate a conserved growth control pathway that includes Ras homolog enriched
in brain (Rheb) and Target of Rapamycin (TOR). To understand the function of this pathway in neural development, we have
examined the contributions of multiple components of this pathway in both neuromuscular junction assembly and
photoreceptor axon guidance in Drosophila. Expression of Rheb in the motoneuron, but not the muscle of the larval
neuromuscular junction produced synaptic overgrowth and enhanced synaptic function, while reductions in Rheb function
compromised synapse development. Synapse growth produced by Rheb is insensitive to rapamycin, an inhibitor of Tor
complex 1, and requires wishful thinking, a bone morphogenetic protein receptor critical for functional synapse expansion. In
the visual system, loss of Tscl in the developing retina disrupted axon guidance independently of cellular growth. Inhibiting
Tor complex 1 with rapamycin or eliminating the Tor complex 1 effector, S6 kinase (S6k), did not rescue axon guidance
abnormalities of Tscl mosaics, while reductions in Tor function suppressed those phenotypes. These findings show that Tsc-
mediated control of axon guidance and synapse assembly occurs via growth-independent signaling mechanisms, and suggest
that Tor complex 2, a regulator of actin organization, is critical in these aspects of neuronal development.

Citation: Knox S, Ge H, Dimitroff BD, Ren Y, Howe KA, et al (2007) Mechanisms of TSC-mediated Control of Synapse Assembly and Axon

Guidance. PLoS ONE 2(4):e375. doi:10.1371/journal.pone.0000375

INTRODUCTION
Mutations in TSC1 or TSC2 result in tuberous sclerosis, a human
syndrome characterized by formation of benign tumors, or hamar-
tomas, and a range of neurological and behavioral anomalies,
including epilepsy and autism. While neurological dysfunction in
patients with tuberous sclerosis is clearly linked to structural brain
abnormalities in the central nervous system [1], recent work has
provided evidence that TSC1/2 may affect neural development by
altering neuronal morphology and function. Loss of TSC function
produces changes in dendritic architecture of hippocampal
neurons and altered synaptic properties [2]. Rats heterozygous
for TSC2 mutations show disruption of hippocampal physiology,
including long term potentiation, a measure of synaptic plasticity
[3]. Mutations in the Drosophila ortholog of TSC2, gigas, have also
been shown to produce ectopic axon terminations in addition to
the normal projections of sensory neurons [4,5]. It is unclear to
what degree neurological deficits associated with tuberous sclerosis
complex result from disruptions of cytoarchitecture in specific
brain regions or alterations in synaptic function directly.

TSC1 and TSC2 encoded proteins form a complex that regulates
a small GTP-binding protein, Ras homolog enriched in brain
(Rheb), promoting its endogenous GTPase activity and thereby
limiting Rheb signaling. Rheb in turn controls the activity of
Target of Rapamycin (TOR), a serine-threonine kinase. The
TSC-Rheb-TOR pathway is a critical determinant of growth
during development, regulating a number of cellular functions
including translation, mRNA turnover, protein stability, and actin
organization [6]. It is responsive to growth factors, such as insulin
and insulin-like growth factors (ILGFs), and also serves as
a nutrient sensor, thus integrating numerous signals related to
cell and tissue growth. TOR plays a pivotal role in this signaling
pathway, receiving regulatory inputs from Rheb and affecting
downstream targets via two distinct molecular complexes. Tor

complex 1 (TORCI1) includes Raptor and mLSTS, and regulates
translation via phosphorylation of S6 kinase (S6K) and 4E-binding
protein (4EBP). Tor complex 2 (TORC2) includes Rictor in
addition to Tor and mLSTS; in both yeast and mammalian cells
TORC2 influences the actin cytoskeleton. Tor complex 1, but not
Tor complex 2, is inhibited by the anti-proliferative and immuno-
suppressant compound rapamycin, emphasizing that TORC1 and

2 are pharmacologically separable entities. The distinct molecular
outputs of TORC1 and 2 have also suggested that TORC2 may
be the primary regulator of cell polarity and morphology. It is not
known which functions of TSC-Rheb-TOR in the nervous system
are mediated by either or both of the two Tor kinase-containing
complexes, and if pharmacological intervention in tuberous
sclerosis complex patients should best be directed at TORCI,
with agents such as rapamycin, or if TORC2-specific agents will
also be important.
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The fruit fly Drosophila has proven to be an important system for
understanding the molecular mechanisms of Tsc-Rheb-Tor
signaling during development [7]. As in vertebrates, this signaling
cascade is a critical regulator of growth. All of the principal
elements of this pathway are represented in Drosophila, including
molecular components upstream of Tsc, such as phosphatidyino-
sitol-3 kinase (Pi3K), Akt, Pten and the insulin receptor ortholog,
InR. Likewise, molecules that convey the signal downstream of
Tsc, including Rheb, Tor, and S6k serve critical roles in the fruit
fly. Mutations affecting all these genes have been identified in
Drosophila, as well as transgenes that can convey gain-of-function
effects. We have used these molecular and genetic tools to explore
the function of Tsc-Rheb-Tor signaling in two fundamental
processes essential to nervous system development, synapse
formation and axon guidance.

The Drosophila neuromuscular junction has served as a powerful
model for identifying the molecular components required for
assembly and plasticity of a defined synapse [8]. This glutamater-
gic synapse must respond to greater than a 100-fold increase in the
size of the muscle target from first to third instar larval stages.
Physiological responses of this synapse are well-characterized using
single-cell recording techniques, and morphological development
with specific molecular markers has been extensively described.
We have used this synapse to determine the role of gain or loss of
Tsc-Rheb-Tor signaling on synapse assembly and function.

The visual system of Drosophila is equally well described in both
molecular and genetic terms [9]. Photoreceptors show stereotyped
projections to the brain, and genes required for photoreceptor
axon projection and termination have been identified in numerous
screens. Methods for making somatic cell mosaics have proven
particularly powerful in determining what molecules are required
in photoreceptors or in cells along their trajectory into the brain.
Previous studies have shown that retinal clones mutant for the
Drosophila Tsc2 ortholog gigas generated enlarged ommatidia with
increased numbers of synaptic contact sites in the optic lamina
[10]. We have taken advantage of this system to examine Tsc-
Rheb-Tor requirements for photoreceptor axon guidance and
formation of functional synaptic contacts in the brain.

Our results establish that either gain or loss of signaling via the
Tsc-Rheb-Tor pathway affects synapse development at the
Drosophila NMJ. Ectopic activation of the Tsc-Rheb-Tor signaling
pathway produced profound synaptic overgrowth with commen-
surate increases in synaptic function. We show that Rheb-mediated
enhancement of synaptic function depends upon bone morphoge-
netic protein (BMP) signaling mediated by wishful thinking (wit),
a type II receptor. In the visual system, increased Tsc-Rheb-Tor
signaling produced cell autonomous defects in photoreceptor axon
guidance. Both genetic and pharmacological evidence suggest that
TORC2 serves critical functions in both synapse development and
axon guidance in Drosophila. Axon guidance phenotypes produced
by null mutations in Pten and Tscl are distinct, demonstrating that
regulation of signaling by these two tumor suppressor genes are not
functionally equivalent in the nervous system.

RESULTS

Activation of Tor signaling produces synaptic

growth and enhanced synaptic function

Tscl/2 affect growth by inhibiting Rheb, a small GTP-binding
protein that in turn governs Tor activity. Overexpression of Rheb
activates the pathway independent of Tsc gene function [11-13].
We have used the Gal4-UAS system to overexpress Rheb in either
the motoneuron or the muscle of the Drosophila third instar larval
neuromuscular junction (NMJ), a well-characterized glutamatergic
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synapse [8] that shows dynamic growth during larval develop-
ment. Ectopic expression of Rheb in the motoneuron of the third
instar larval NMJ using a pan-neuronal Gal4 line (elav-Gal4)
resulted in more than a doubling of synapse size, measured by the
number of synaptic boutons/muscle area (Figure 1A—C, quantified
in D). Similar results were seen using a motoneuron-specific OK6-
Gal4 line (data not shown). We found no evidence of motoneuron
axon misrouting at this level of Rheb activation; the motoneuron
axon follows the normal trajectory and synapses at the correct
location on muscle 6 and 7(data not shown). Indeed, elav-
Gal4 - UAS-Rheb animals are viable, indicating this degree of
pathway activation is considerably more mild than loss of Tscl (see
below). Expression of Rheb selectively in muscle (G14-Gal4 - UAS-
Rheb), while producing enlargement of muscle cells, did not
increase the proportional size of the synapse (bouton number/
muscle area, Figure 1D). Activation of Tor by overexpression of
Pi3K in the motoneuron also produced an enlarged synapse, but
to a lesser degree than overexpression of Rheb (Figure 1C, D).

Enlargement of the NMJ in Drosophila is not always associated
with an electrophysiologically competent synapse. For example,
highwire mutants display large NMJs but markedly compromised
synaptic function [14,15]. We therefore assessed the electrophys-
iological behavior of the NMJ in animals overexpressing Rheb in
the motoneuron. This synapse showed nearly a doubling of the
quantal content, a measure of the number of synaptic vesicles
released per motoneuron firing (Fig 1I). The amplitude of the
excitatory junctional potential (EJP), the voltage change in the
muscle elicited by a suprathreshold stimulation of the motoneuron,
also increased significantly compared to control synapses
(Figure 1E, F). Mini-excitatory junctional potentials (mEJPs) are
depolarizations of the muscle that result from spontaneous
neurotransmitter release and provide a measure of vesicular
fusion. While the mEJP frequencies of Rheb overexpressing animals
showed no significant change (Figure 1G), the mEJP amplitudes
were lower than matched controls (Figure 1H). In all, activation of
Tor signaling via overexpression of Rheb produced an expanded
synapse that was fully functional.

Reduction of Tor signaling produces a small synapse

with compromised function

To determine if reduced Tsc-Rheb-Tor signaling compromises
synapse growth and function we overexpressed Tscl and Tsc2 in
the motoneuron, or compromised Rheb activity using a combina-
tion of hypomorphic Rheb alleles previously shown to cause
reductions in cell size and number as well as S6k activity [11].
Overexpression of UAS-Tsc1/Tsc2 has been shown to limit growth
mediated by Rheb [11-13], and we observed that Tscl and 2
overexpression in the motoneuron reduced synapse size compared
to controls (Figure 2A, B, quantified in D). Consistent with this
finding, Rheb hypomorphic mutant larvae showed a significantly
reduced number of boutons per unit muscle area compared to
heterozygous controls (Fig 2C, D). The NMIJs of these animals also
revealed significant changes in synaptic function. mEJP frequen-
cies in Rheb mutant animals were half that of controls (Fig 2E, G),
and EJP amplitudes were significantly reduced (Figure 2F). We
also saw a reduction in the quantal content of Rheb mutants
(Figure 2I), while mEJP amplitude showed no significant change
(Figure 2H). Thus, reducing Tor activity by either of two
mechanisms, overexpression of Tsc1/2 or partial loss-of-function
mutations in Rheb, compromised synapse morphological develop-
ment and function. Electrophysiology of hypomorphic Tor mutants
showed a reduction in mEJP frequency similar to what we saw for
Rheb mutants (data not shown).
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Figure 1. Activation of the Tor pathway produces synaptic growth and enhanced physiological function. The morphology of the third instar larval
NMJ was visualized with the presynaptic marker anti-cysteine string protein (CSP) and confocal microscopy. Images shown are stacks of 20 or more
optical sections. Neuronal (elav-Gal4) expression of either Rheb (B) or Pi3K (C) increased the size of the synapse compared to control animals bearing
the elav-Gal4 transgene alone (A). Numbers of synaptic boutons/muscle area are quantified in D. Expression of either UAS-Rheb (n=41) or UAS-Pi3K (n
=41) produced a significant increase in the number of boutons/muscle area compared to controls (n=44), while expression of UAS-Rheb in the
muscle (driven by G14-Gal4, n=18) produced a reduction. Neuron-specific expression of Rheb also produced electrophysiological changes at the
NMJ, determined by intracellular recordings from abdominal muscle 6 in third instar larvae. The amplitude of the EJP was significantly increased in
animals expressing UAS-Rheb (n=21) compared to controls with elav-Gal4 alone (n=12). Examples of EJP voltage traces are shown in E, and mean EJP
values are quantified in F. Quantal content, a measure of the number of synaptic quanta released in a single firing of the motoneuron, was nearly
doubled by neuron-directed expression of Rheb compared to controls (I). Mini-EJP amplitude was decreased in these animals (H), while mEJP
frequency showed no significant change (G).In this and all subsequent figures, *** denotes p-values less than 0.00005 using a student t-test
comparison with controls, ** denotes p-values less than 0.005, and * denotes p-values less than 0.05. The scale bar is 50 microns in panel A.
doi:10.1371/journal.pone.0000375.g001

Rapamycin does not inhibit synapse growth from hatching to the third instar larval stage on rapamycin-
containing food. Rapamycin has been shown to block growth

mediated by overexpression of Rheb mediated by TORC1 in Drosophila, and we used a concentration
To evaluate if Rheb overexpression-mediated synapse expansion that produced clear developmental delay [16]. Culturing larvae
takes place via known growth regulatory pathways, we grew larvae bearing elav-Gal4 and UAS-Rheb" transgenes on rapamycin reduced
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Figure 2. Rheb activity is required for normal synapse assembly. Panels A-C show anti-CSP staining of larval NMJs in a control animal (A, elav-Gal4
driver alone), an animal bearing elav-Gal4 _ UAS-Tscl, UAS-Tsc2 (B), or a Rheb partial loss of function mutant (C). Reduction of Rheb function produced
by either neuron-directed expression of Tscl and Tsc2 (n=22) or mutation of Rheb (n=40) significantly reduced synapse size compared to controls
with elav-Gal4 alone (n=44) or animals heterozygous for a Rheb mutation (n=17),as measured by the number of synaptic boutons/muscle area (D).
Panel E shows sample EJP traces for wild-type and Rheb mutant NMIJs, as well as baseline recordings from these preparations showing the size and
frequency of mini-EJPs. Panels F, G, and | show reductions in EJP amplitude, mini-EJP frequency, and quantal content for Rheb mutant synapses
(n=29) compared to wild-type controls (n=10). Mini-EJP amplitude did not show a significant change (H). The scale bar in A is 50 microns.

doi:10.1371/journal.pone.0000375.g002

overall growth, including muscle size, but did not suppress the
synaptic enlargement measured either by the number of synaptic
boutons/muscle area or the number of motoneuron branches
(Figure 3A—C, quantified in D, E). These findings show that Rheb-
mediated synaptic growth did not require TORCI1 activity,
implicating TORC2 and its regulation of the actin cytoskeleton
as serving critical functions in synaptic growth control. In-
terestingly, culturing elav-Gal4 control larvae (without the UAS-
Rheb transgene) on rapamycin produced both an increase in the
number of boutons per unit muscle area and an in increase in

;'@. PLoS ONE | www.plosone.org

motoneuron branching (Figure 3D, E). This raises the possibility
that blocking the activity of TORC1 with rapamycin indirectly
influences the activity of other Tor complexes.

The Tsc-Rheb-Tor pathway regulates translation largely by
controlling S6k [11-13]. Rheb activation of Tor produces
phosphorylation and activation of S6k. The control of translation
via S6k represents but one component of regulation affected by
this pathway and is molecularly distinct from Tsc-Rheb-Tor-
mediated control of the actin cytoskeleton. To evaluate the
contribution of S6k to synapse growth we examined the NMJs of
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Figure 3. Rapamycin does not block Rheb-mediated synapse growth. Panels A-C show anti-CSP staining of NMJ synaptic boutons, demonstrating
that the TORCI inhibitor rapamycin does not block synapse growth in control animals or in larvae with neuron-directed expression of Rheb (elav-
Gal4 _ UAS-Rheb). Panels D and E provide quantification of bouton numbers/muscle area and numbers of motoneuron branches, respectively, for
elav-gal4 controls (n=44), animals with neuronal expression of Rheb (n=41), control animals treated with rapamycin (n=26), and Rheb expressing

animals treated with rapamycin (n=29). The scale bar is 50 microns.
doi:10.1371/journal.pone.0000375.2003

animals bearing a null mutation in S6k. S6k mutants are small,
with a reduced muscle surface area compared to controls. The
synapse size, however, as measured by the number of boutons per
unit muscle area, is not reduced (data not shown). These findings
contrast with the effects of Rheb mutations or Tscl and Tsc2
overexpression (Figure 2), but are consistent with the finding that
rapamycin does not suppress synapse overgrowth (Figure 3).
Together, these results suggest that TORC1 and S6k do not
contribute significantly to the proportional growth of the NMJ.

Rheb-mediated changes in synapse function require
the BMP-signaling receptor encoded by wishful
thinking

Growth factor-mediated signaling, including both Wingless (Wg) and
BMP pathways, is important for normal NMJ growth in Drosophila.
Animals bearing mutations in wishful thinking (wit), a gene encoding
a BMP type II receptor, show a very small NMJ with dramatically
compromised synaptic function [17-19]. To determine the relation-
ship between Rheb-regulated synaptic growth and BMP-mediated
synapse assembly we tested the ability of Rheb overexpression to
rescue the synaptic growth defect of wit mutants. While Rheb"
expression in the motoneuron was able to restore the number of
synaptic boutons to wild-type levels in wit mutant larvae, the number
of boutons was significantly less than with Rheb overexpression
alone (Figure 4A-E). Rheb overexpression modestly increased mini

;'@. PLoS ONE | www.plosone.org

EJP frequency of wit mutants (Figure 4G), but showed no capacity to
rescue either quantal content or EJP amplitudes (Figure 4F-I),
therefore wit is clearly required for most Rheb-directed effects on
synapse function. While these results do not establish the nature of
the communication between Tor-Tsc signaling and the BMP
pathway, it does demonstrate that an intact BMP system is necessary
for Rheb-directed changes in synapse function.

Tsc-Rheb-Tor signaling is critical for axon guidance

in the visual system

Another fundamental aspect of neural development is the correct
specification of axon pathfinding and synapse formation with the
correct targets. The Drosophila visual system offers a powerful
experimental model for assessing the function of a signaling system
in axon guidance. To evaluate the function of the Tsc-Rheb-Tor
signaling pathway in axon guidance we generated genetic mosaic
animals where mutant photoreceptor neurons project to a pheno-
typically wild-type brain. In the fruit fly Drosophila, each retinal
sensory unit, or ommatidium, is comprised of eight photorecep-
tors, R1-8. In the third instar larval brain, R1-6 project to the first
optic ganglion, the lamina, and terminate to form a discrete plexus
where synapses will form later in development (Figure 5A). R7 and
R8 project to a deeper level in the brain, the medulla, forming
a discrete set of projections seen in both larval and pupal brains. In
40h pupae the R7 and R8 projections terminate in distinct layers
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Figure 4. Rheb-mediated synapse expansion and physiological function is BMP-signaling dependent. Anti-CSP staining of synaptic boutons
(panels A-C) shows the effects of wit on synapse growth (B), and the effects of neuron-directed expression of Rheb on wit mutant NMJs (C) compared to
wild-type (A). Synapse size, measured by either the number of boutons/muscle area (D) or the number of motoneuron branches (E), is dramatically
reduced in wit mutants (n=20) compared to wild-type (n=12), and is partially rescued by neuron-directed expression of Rheb (elav-Gal4 _ UAS-Rheb, n
=24).Reductions in EJP amplitudes (F), mini-EJP amplitudes (H), and quantal content (I) mediated by loss of wit (n=8) are not rescued by neuron-
directed expression of Rheb (n=16) (n=10 for wild-type). The decrease in mini-EJP frequency of wit mutants, a measure of spontaneous vesicle
release, is rescued to a significant degree by expression of Rheb in the motoneuron (G). The scale bar represents 50 microns.

doi:10.1371/journal.pone.0000375.g004

in the medulla, producing a highly regular and stereotyped pattern
(Figure 5E). Loss of Tscl function in the retina produces an
enlarged eye disc with an increased number of photoreceptors
[20-22]. Axon projections from Tscl mutant photoreceptors in the
brains of third instar larvae and pupae showed severe axon
guidance abnormalities (Figure 5B, F, F9, quantified in Table 1). In
third instar larvae, R1-6 termination at the lamina plexus is
disorganized, producing an irregular termination zone (compare
Figure 5A to 5B). R7/R8 terminations within the larval medulla
are also abnormal (Figure 5B, arrowhead). At the 40 hr pupal

;'@. PLoS ONE | www.plosone.org

stage we observed gaps in the R7/R8 layers with large axon
bundles, or fascicles, that projected past their appropriate
termination points (Figure 5F, F9).

To evaluate the degree of pathway activation mediated by pan-
neuronal expression of UAS-Rheb, which we used above to evaluate
the role of Tor signaling at the NMJ, we examined photoreceptor
pathfinding in elav-Gal4 - UAS-Rheb larvae and pupae. These
animals survive to adulthood and show disruptions in photore-
ceptor projections, but to a significantly lesser extent than found in
Tscl mosaic animals (see Table 1). In elav-Gal4 - UAS-Rheb pupal
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Figure 5. Photoreceptor axon projection defects associated with increased Tor signaling. (A-D) Dorsal-posterior views of third instar optic lobes
stained with MAb24B10 to visualize photoreceptor projections. (A)Mitotic clones in an FRT82B control background show proper termination of
photoreceptor axons R1-6 at the lamina plexus (LP), and termination of photoreceptors R7 and RS in the medulla (Med). (B) Tscl® mutant axons
terminate at incorrect positions above and below the lamina (arrowheads) and produce a broadened lamina plexus. (C) Neuronal expression of Rheb
creates axon termination defects similarto those seen in Tscl mosaics (D) Pten™'® mutant photoreceptors leave gaps and holes (arrowhead) in the
lamina plexus, which is broader and noticeably ‘‘peaked.”’ The medulla contains axon projections which are thicker and much longer than in controls
(arrow). (E-H9) Dorsal view of optic lobes from 40h pupae stained with MAb24B10. E9-HY are lower optical planes of the optic lobes shown in E-H,
respectively. (E, E9) Control photoreceptors R7 and R8 show two distinct layers of termination in the medulla (labels), and are arranged in a highly
regular pattern (arrowhead). (F) Animals with Tsc1?’ mutant photoreceptors show severe disruption of the R7 and RS termination layers. Instead of
terminating at the correct positions, the axons fail to de-fasciculate, forming dense bundles (arrowheads) that project beyond the medulla. (G, G9)
Neuron-directed expression of Rheb causes axon bundles to project beyond the medulla in a fashion similar to Tscl mosaics (arrowheads), but the
phenotype is much less severe. (G, inset) Individual Rheb-overexpressing axons show an intermediate termination defect, stopping several microns
beyond their normal targets (arrowheads in inset). (H) Pten”'®” mutant axons exhibit gaps and collapses in the R7/R8 termination zone (arrowhead).
Thick axon bundles can be seen that bypass their usual stopping points and then loop back to terminate at other locations in the R7/R8 layers
(arrows). (H9, F9) Axon bundles in Pten®® mosaics are not as densely packed as those of Tscl®’ mosaics (arrowheads), but are still disorganized. All
scale bars are 50 microns.

doi:10.1371/journal.pone.0000375.g005

brains, abnormal bundles of axons that penetrate into deeper  show irregularities, but the lamina plexus is less disrupted than in
brain structures were found, but this phenotype was markedly less ~ Tscl mosaics (Figure 5C). These findings indicate that the degree
severe than in Tscl mosaic animals (Figure 5G, G9Y, Table 1). Close ~ of pathway activation achieved with elav-Gal4 - UAS-Rheb is
inspection of R7 and R8 endings in the medulla revealed  markedly less than produced by loss of Tscl. Moreover, these
individual photoreceptor axons growing past the correct termina-  results suggest that there is a continuum of axon pathfinding
tion site (Figure 5G inset). R1-6 endings in the larval brain also abnormalities with different levels of pathway activation.
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: Table 1. Axon guidance defects in animals with altered Tsc-Rheb-Tor signaling

(Percent of optic lobes affected)

Incorrect Terminations

Thick Gaps LP Long Gaps Above Below
3" instar larvae LP in LP Peaked R7/8 in Med. LP LP In Med.
: Tsel® (n=>58) 70 41 7 5 31 45 52 72
: Pten"® (n=38) 24 100 79 63 29 58 68 95
o Rheb™?*? (n=22) 68 55 0 0 41 32 18 36
© TorY (n=12) 17 17 0 8 0 0 17 33
© S6k"! (n=49) 29 41 2 0 2 10 14 4
5 Tor™¥V Tsc1? (n=14) 21 29 0 0 7 7 0 0
1 86k Tsel® (n=23) 65 83 0 0 70 43 17 43
* wild-tvpe +Rap (n=80) 19 13 0 0 9 21 14 13
* Tscl? +Rap (n=60) 76 54 2 6 59 46 71 63
* 40-hour pupae Pathfinding De-fasciculation Termination
: Defects Defects Laver Defects
: Tscl” (n=60) 100 100 100
© elav-Gal4 _ UAS-Rheb (n=23) 83 43 39
: Pten¥'® (n=73) 25 30 8
> Rheb®? (n=80) 36 3 19
: 86k (n=32) 28 9 25
© Tor"™8V (n=20) 35 0 10
© Tor™ Tscl® (n=25) 40 4 16

 *Tscl”, Pten'®, and Rheb®®? are eyFLP mosaics; all others are mutants. LP - lamina plexus; Med. - medulla; Rap - rapamycin

. doi:10.1371/journal.pone.0000375.t001

Pten, another negative regulator of cell growth and proliferation,
encodes a phosphatase that converts the lipid signaling molecule
phosphatidylinositol 3,4,5 triphosphate (PIP;) to PIP,, an inactive
form, thus antagonizing PI3K activation of the TOR pathway. Like
Tscl, Pten retinal mosaics show eye overgrowth and precocious
differentiation [23-27]. To determine if disruptions of Pten function
affect axon guidance, we generated mosaic animals. Pten mutant
photoreceptor projections showed disorganization of axon termini in
the third instar larval brain and were notable for a misshapen and
concave lamina plexus with a large number of gaps (Figure 5D,
quantified in Table 1). At the pupal stage, Pten mutant projections
showed significantly less severe defects than photoreceptors bearing
a Tscl null mutation (Figure SH, H9 and Table 1), with fewer
projections failing to stop at the normal medulla termination sites.
The penetrance of pathfinding, defasciculation, and termination
defects in 40h pupae was lower in Pten than in Tscl null mutant
photoreceptors projecting to a wild-type CNS (Table 1). In sum, Pten
and Tscl mutant photoreceptor projections show distinct patterns of
photoreceptor axon guidance defects, despite the fact that these two
inhibitors of Tsc-Rheb-Tor signaling have similar influences on cell
size, growth, and differentiation [20-22,24-26,28].

We also observed distinct effects of Tsc1l and Pten retinal mosaics
on the differentiation of lamina neurons and visual system glia,
detected with anti-Dachshund and anti-Repo antibodies, re-
spectively (Figure S1). Pten mutant retinal projections produced
an abnormally large lamina not seen in Tscl mosaics (Figure S1A—
C). In both Pten and Tscl mosaics visual system glia were found in
the brain in roughly normal positions (Figure S1D-F), although
some disorganization was evident in brains receiving Tscl mutant
photoreceptor projections. It is possible that this disruption of glial
architecture may partially contribute to the axon projection defects
observed in Tscl mutants.

;'@. PLoS ONE | www.plosone.org

To evaluate the effects of reduced Tor signaling, we examined
axon guidance in animals bearing hypomorphic mutations in Tor
and Rheb, as well as a null allele of S6k, a key downstream target of
TORCI. In all three of these mutants, mild axon projection
defects were observed (Figure 6A—F, Table 1). Third instar larvae
had irregular laminas and abnormally thick projections to the
medulla (Figure 6A—C, arrowheads). In 40 h pupae, R7 and R8
terminations were largely normal, but there were projections
which misrouted and failed to terminate correctly (Figure 6D-F,
Table 1). Genetic mosaic analysis of Rheb mutant photoreceptor
projections showed the same phenotypes, demonstrating that
normal levels of Tor-Tsc signaling in the retina are required for
proper photoreceptor targeting (data not shown). These findings
establish that reductions in Tor-Tsc signaling also produce axon
guidance defects, although quite mild in comparison to activation
of the pathway achieved by loss of Tscl function. However, only
the S6k mutants are null in these experiments, and we cannot
therefore fully assess the contributions of Tor or Rheb to axon
guidance compared to Tscl.

To determine if the functional relationships critical for growth
control are also in effect for axon guidance, we conducted genetic
epistasis experiments between Tscl and both Tor and S6k. Tscl
mosaic pupae show severe axon guidance abnormalities and Tscl
mutant animals do not survive to the pupal stage; in contrast,
animals bearing both a Tscl mutation and a hypomorphic Tor
allele survived to pupal stages and showed only modest axon
guidance abnormalities in larval and pupal brains (Figure 6G, H,
Table 1). The gross disruptions of R7/R8 terminations in the
medullas of 40h Tscl mosaic pupaec were almost completely
rescued by the presence of a hypomorphic allele of Tor. Genetic
mosaics with Tscl Rheb double mutant chromosomes also showed
dramatic rescue of photoreceptor axon guidance defects (data not
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Figure 6. Effects of mutations that downregulate the Tor pathway on
photoreceptor axon guidance, and genetic epistasis with Tscl. Optic
lobes from third instar larvae (A-C) and 40h pupae (D-F) stained with
MAb24B10. (A) Larvae heteroallelic for a hypomorphic combination of
Rheb alleles show abnormal photoreceptor patterning and contain thick
axon bundles that extend into the medulla (arrowhead). (D) Atthe 40 h
pupal stage, Rheb mutants display axons that bypass their normal
targets in the R7/R8 termination zones (arrowhead). (B) Larvae
homozygous for a hypomorphic Tor allele show fairly normal
photoreceptor patterning, but at the pupal stage (E) misrouted axons
can be seen in the medulla (arrowheads). (C) S6k null homozygous
larvae show thick axon bundles projecting past the lamina (arrowhead),
while S6k pupae (F) display misrouted axons that initially bypass the R7/
R8termination zone (arrowhead). (G, H) Animals doubly mutant for Tor
and Tscl do not show the severe photoreceptor defects seen when
axons are mutant for Tscl alone (compare to Figure 5B, F, F9), although
mild defects similar to those in Tor mutants are still apparent
(arrowhead). (I) S6k-Tscl double homozygous mutants display a severe
phenotype dissimilar to mutants for either S6k or Tscl alone. The scale
bar is 25 microns in panel A, 50 microns in panel D.
doi:10.1371/journal.pone.0000375.g006

shown). In contrast, S6k null mutations did not ameliorate the Tscl
axon projection defects in the larval brain, and both the lamina
plexus and medulla projections were highly disordered (Figure 61,
Table 1). These findings demonstrate that Tor and Rheb, but not
S6k, are critical components of the photoreceptor axon guidance
signaling system downstream of Tscl.

In order to evaluate if the growth control functions of Tsc-
Rheb-Tor signaling are important for axon guidance, we used
rapamycin to inhibit the abnormal growth produced by loss of
Tscl function. Feeding animals with rapamycin between hatching
and the third instar larval stage blocked the retinal cell growth and
proliferation defects of Tscl mutant photoreceptor mosaics. This
was evident in both the overall size of the developing retina and
the size of the photoreceptor cell bodies (Figure 7A—C). While the
growth defects of Tscl mosaics were rescued by rapamycin
treatment, photoreceptors from these animals still showed severe
axon guidance abnormalities in the third instar larval brain, with
an irregular and disrupted lamina plexus, as well as disorganized
projections to the medulla (Figure 7E, Table 1). Treatment of
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wild-type controls with rapamycin produced only mild defects in
the lamina plexus (Figure 7D, Table 1) supporting the hypothesis
that Tscl-mediated regulation of axon guidance operates largely
via a rapamycin-insensitive function of Tor. We noted that the
excessive growth of Pten mutant retinas was not rescued by
rapamycin treatment, in contrast to the effects of this TORC1
inhibitor on Tscl mosaics. While the growth and differentiation
phenotypes of Pten and Tscl mutant retinas are comparable, the
difference in their rapamycin responses highlights how disruption
of signaling by these two regulators is distinct.

DISCUSSION

Tsc-Rheb-Tor signaling in neural development

The Tsc-Rheb-Tor pathway is critical for integrating a variety of
signals that govern cellular and organismal growth. Inappropriate
activation of the pathway also leads to severe neurological and
behavioral abnormalities, including mental retardation, autism,
and epilepsy [1,6]. While TSC mutations produce hamartomatous
growths in the brain, recent evidence has suggested that these
benign tumors may not be solely responsible for the nervous
system dysfunction that is a hallmark of tuberous sclerosis
complex. Loss of TSC2 in hippocampal neurons produces changes
in neuronal morphology and synaptic transmission [2]. Heterozy-
gosity for TSC2 in the rat compromises several measures of
hippocampal long term potentiation [3]. Loss of Pten, an important
upstream regulator of Tsc-Rheb-Tor signaling, in a limited set of
neurons also affects neuronal morphology and socialization

Tsc1#

WT +rap Tsc1?*+rap

Figure 7. Axon guidance defects in Tscl mosaics are not suppressed
by blocking growth. (A-C) Third instar eye discs from wild type and
Tscl mosaic larvae raised with or without rapamycin (rap). Ommatidial
units, comprised of eight photoreceptors, were visualized with
phalloidin (red) that detects F-actin, and MAb24B10 (green). Phalloidin
staining is strongest at the perimeter of each ommatidium, outlining
each sensory unit. Rapamycin treatment of Tscl mosaic eye discs (C)
restored eye disk size and cell size compared to wild type (A). (D and E)
Rapamycin treated third instar larval brains stained with MAb24B10.
Rapamycin treatment blocked abnormal growth of the retina and the
increase in photoreceptor cell size, but did not ameliorate the abnormal
axon projections also characteristic to untreated Tscl 2 mosaics. The
scale bars in panel Arepresent 50 microns in the left image, 10 microns
in the right image. The scale bar is 50 microns in panel D.
doi:10.1371/journal.pone.0000375.g007
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behavior [29]. These findings collectively provide evidence that Tsc-
Rheb-Tor signaling is critical for the morphological and functional
development of the nervous system. It is not clear, however, if the
entire Tsc-Rheb-Tor signaling network is critical for nervous system
development, or if neural function is strictly a consequence of altered
growth regulation. It is also not known if loss of signaling is as
detrimental to neuronal development as inappropriately elevated
signaling, such as occurs with loss of TSC function. We have taken
advantage of the genetic and molecular tools available in the fruit fly
Drosophila to address these questions. Our findings demonstrate that
appropriate levels of Tsc-Rheb-Tor signaling are critical for both
NMIJ development and for axon guidance in the visual system. In
both these contexts, effects are independent of growth, implicating
TORC2 rather than TORC1 as the complex mediating Tsc-Rheb-
Tor signaling influences in the nervous system.

Tsc-Rheb-Tor effects on neural development are

independent of growth regulation

Given the importance of Tsc-Rheb-Tor signaling in regulating
cellular and tissue growth, it was important to determine if
disruption of this pathway affects neural development via its effects
on growth or through signaling components independent of those
that govern cellular size and growth. To address this issue we used
both pharmacological and genetic methods to block the increased
growth produced by pathway activation. The immunosuppressant
rapamycin is a TORC1-specific inhibitor that prevents activation
of S6k and blocks growth mediated by loss of Tscl. Rapamycin
treatment retarded growth in larvae with pan-neuronal expression
of Rheb, but failed to reduce the synapse expansion characteristic of
these animals. Similarly, while rapamycin effectively reduced the
retinal overgrowth of Tscl mosaic animals, it failed to suppress the
photoreceptor axon guidance defects seen in the visual system.
Loss of S6k function also failed to ameliorate axon guidance defects
in Tscl mosaic animals. This contrasts with effects of Tor partial
loss-of-function mutations, which effectively rescued axon guid-
ance defects of Tscl mutants. Collectively, these findings demon-
strate that the role of Tsc-Rheb-Tor signaling in synapse assembly
and axon guidance is largely independent of TORCI1, S6k, and
their effects on growth. Indeed, while animals bearing null alleles
of S6k have some axon pathfinding defects, the effects are relatively
modest compared to Tscl mosaics, indicating that S6k does not
provide the critical outputs affecting axon guidance.

Our findings parallel recent work in the mouse, where neuronal
hypertrophy produced by loss of Pten in granule neurons of the
cerebellum and dentate gyrus was not rescued by loss of S6k1 [30].
It is also of note that some but not all Tsc1/2-mediated changes in
dendritic morphology of hippocampal neurons in organotypic
cultures were suppressed by rapamycin treatment [2]. Our
findings suggest that inhibition of growth regulatory components
in tuberous sclerosis patients, such as achieved with rapamycin
and related agents, may not affect all processes that are deranged
in the nervous system.

Recent studies of Pi3 kinase, Akt and InR in Drosophila have
shown that activation of signaling upstream of Tscl/2 also
produces increases in synapse size, both at the NMJ as well as
central synapses [31]. Expression of these components in adult
neurons demonstrated that Pi3 kinase-mediated synaptogenesis
was age-independent, and therefore not a developmentally re-
stricted phenomenon. In agreement with studies reported here, the
expanded NMlJs produced by activation of Pi3 kinase were
functional, with increased stimulus-induced EJPs. Overexpression
of the Drosophila ortholog of the epidermal growth factor receptor
(EgfR) in central neurons increased neuronal cell size, without an
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increase in synapse number. These results are consistent with those
reported here where we have been able to directly suppress growth
mediated by Tsc-Rheb-Tor pathway activation without altering
effects on synapse formation or axon guidance.

Recent studies have also demonstrated a link between Tscl/T'sc2
and highwire, a gene known to effect synapse size and functionality in
Drosophila [32]. The highwire ortholog Pam was shown to bind Tsc2 in
pull-down assays, and it has been suggested that Pam may function
as an E3 ubiquitin ligase to regulate the intracellular levels of the
Tscl/Tsc2 complex. This concept of Highwire as a negative
regulator of Tsc levels is consistent with our findings, since highwire
mutants have been shown to possess enlarged NMJs similar to what
we see for Rheb overexpression [14]. Despite this, the enlarged
synapses of highwire mutants display compromised synaptic function
which is contrary to what we found when overexpressing Rheb, so
Highwire is likely to have multiple functions at the synapse besides
simply the regulation of Tsc.

Contributions of TORC1 versus TORC2 in synapse

assembly and axon guidance

Tor has a number of molecular outputs that influence many
cellular processes; notable among these are cellular growth and
cellular morphology. TORC1, which contains Raptor and is
sensitive to the anti-proliferative agent rapamycin, is a major
contributor to the regulation of cellular growth, in large measure
due to its effects on protein synthesis. TORC2, which includes
Rictor, is implicated in the control of cell morphology mediated by
regulation of the actin cytoskeleton [33]. Both pharmacological
and genetic studies presented here argue in favor of Tor complex 2
providing an essential regulatory component of both synapse
growth and axon guidance in Drosophila. Our results support recent
work showing that changes in dendritic morphology of hippo-
campal neurons produced by loss of Tscl required regulation of
the actin-depolymerizing factor Cofilin [2], implicating TORC2-
mediated processes. There is a considerable body of work
demonstrating that control of the actin cytoskeleton is critical for
NMIJ growth and function [34-36] and TORC2 may provide an
important component of that control. Regulation of actin is also
essential for axon guidance in the visual system (reviewed in
[37,38]), and disruption of Tor-mediated control of actin may be
the underlying molecular deficit in Tscl mosaics.

Either gain or loss of Rheb signaling compromises
neuromuscular junction assembly and axon

guidance

A number of studies have suggested that TOR activation produced
by loss of TSC1/2 affects neuronal morphology and synaptic
function. Our findings support these observations; elevated Rheb
activity produces synaptic enlargement and enhanced physiological
function at the Drosophila NMJ. However, it was not evident from
earlier studies whether loss of signaling through Rheb and Tor is also
important for neural development. We provide evidence that this is
the case. Partial loss-of-function mutations in Rheb compromise NMJ
growth and function, as well as photoreceptor axon targeting in the
visual system. Overexpression of Tscl and Tsc2 in the motoneuron
also limited synaptic growth, supporting the conclusion that
depressed levels of Rheb activity compromise synapse development.

Rheb-mediated synaptic development is dependent

on a functional BMP signaling system
The capacity of Tsc-Rheb-Tor signaling to affect neuronal
morphology and synapse function begs the question of whether
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these effects are dependent on signaling systems known to be
critical for synapse development. At the Drosophila NMJ, BMP
signaling is critical for normal growth and function. Mutations in
wit, a gene encoding a type II BMP receptor, produce a small and
poorly functioning NMJ [17,19]. These deficits can be rescued by
motoneuron expression of wit', demonstrating that BMP signaling
in the motoneuron is critical for synaptic expansion during larval
growth. To determine if Rheb-mediated synaptic growth required
BMP signaling, we placed elav-Gal4 and UAS-Rheb transgenes into
a wit mutant background. While overexpression of Rheb and the
accompanying activation of the Tor pathway partially rescued the
defect in synapse growth produced by loss of wit function, it was
unable to restore a normal EJP response or rescue quantal content.
These findings establish that Tsc-Rheb-Tor mediated effects on
synapse morphology are partially dependent on BMP signaling,
and are fully dependent on BMP activity for a physiologically
competent synapse. Our findings also establish that the functional
deficits in wit mutants are not simply the result of reduced synapse
size, since restoration of synapse size by expression of UAS-Rheb
does not restore physiological function. Intersection of BMP, and
Akt/PTEN/TOR signaling has been noted for other systems, and
our results indicate the relationship between these pathways is
important for synapse growth and plasticity as well [39].

Loss of function mutations in Tscl and Pten have

different effects on axon guidance

Previous analysis of gigas/Tsc2 mutants demonstrated that loss of
this gene in mechanoreceptors affects axon targeting, producing
projections to novel areas in the CNS in addition to innervation of
normal targets [5]. We have used genetic mosaics to evaluate the
function of Tsc-Rheb-Tor signaling in photoreceptor axon
guidance. Animals homozygous for Tscl in the retina showed
grossly aberrant photoreceptor projections to both the lamina and
medulla. R7 and R8 projections to the medulla in 40h pupae
failed to terminate correctly and projected beyond normal targets
to inappropriate regions within the brain. Somatic mosaics bearing
retinal neurons mutant for Pten also showed photoreceptor axon
guidance defects, but to a notably lesser degree. Since both Tscl
and Pten alleles used for this analysis were nulls and show
comparable effects on cellular growth and differentiation [23], it
follows that Pten is not as critical for axon guidance as Tscl. The
distinctions between axon guidance phenotypes of Pten and Tscl
null mutants indicate that altered timing of differentiation is not
critical for axon guidance and that control of this pathway at the
level of Pten or Tscl is not functionally equivalent. Our findings
that rapamycin arrests retinal overgrowth produced by loss of Tscl
but not Pten in the retina supports earlier work demonstrating that
retinal overgrowth mediated by loss of Tscl, but not Pten, can be
suppressed by reductions in S6k activity [40]. Those results were
interpreted as demonstrating that Pten is largely a regulator of Akt
activity, whereas Tscl/2 serves as a tumor suppressor and
inhibitor affecting principally S6k. Our results support these
relationships and emphasize that in the nervous system regulation
of Tscl/2 targets other than S6k are critical.

Graded activation of the Tsc-Rheb-Tor signaling axis

produces graded effects on axon guidance

We have used two different genetic methods for activating the Tsc-
Rheb-Tor pathway in the visual system; generating retinal mosaics
with a loss of function allele of Tscl, and pan-neuronal expression
of Rheb using elav-Gal4 and UAS-Rheb. The comparison of these
methods revealed that overexpression of Rheb produced milder
axon guidance phenotypes in the visual system than complete loss
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of Tscl function. Of interest is that the degree of activation
achieved with elav-Gal4 - UAS-Rheb, a level that did not produce
lethality, did result in discernable axon targeting defects in the
visual system. This suggests that axon guidance controlled by Tsc-
Rheb-Tor is sensitive to incremental changes in signaling. The
range of neurological and behavioral phenotypes associated with
loss of one copy of TSC1 or TSC2 is consistent with this model,
where other environmental or genetic factors may affect signaling
levels, producing a range of deficits. Our findings indicate that
Drosophila can serve as a useful model for identifying how graded
changes in signaling can produce a spectrum of defects in neural
development.

MATERIALS AND METHODS

Drosophila strains

UAS-Rheb®"**%**/TM6B Tb [11], UAS-DP110™T [41], and y w
hsFLP; UAS-Tscl UAS-Tsc2 [21] were crossed to elav-Gal4/CyO
P[w"; ubi-GFP] [42] or OK6-Gal4 [17] for expression in neurons,
and to G14-Gal4/CyO P[w"; ubi-GFP] (from C. Goodman) for
expression in muscles. Stocks used for mutant analysis and genetic
interaction studies were y w; Rheb™%TM6B Tb y* [11], Rheb®”'/
TM6B Tb [11], b w; wit®!/TM6B Tb [19], w; wit*'>/TM6B Tb
[19], S6k"/TM6B Tb [43], and Tor*"A¥ValicyO Plw"; ubi-
GFP] [44]. Eye-specific mosaics were generated using the FLP-
FRT technique [45] by crossing y w eyFLP GMR-lacZ; FRT82B
I(3)cl-R3/TM6B Tb [45] or y w eyFLP GMR-lacZ; I1(2)cl-L3 w"
FRT40A/CyOy" [45] to w; FRT82B Tsc1?/TM6B Tb [20], w;
FRT82B Rheb?**/TM6B Tb y* [11], y w hsFLP; FRT40A Pten'®/
SM6-TM6B [24], y w eyFLP GMR lacZ; FRT82B [45], or y w eyFLP
GMR lacZ; FRT40A [45]. Using this mosaic method, heterozygous
cells have a growth disadvantage since they bear a Minute and cell-
lethal mutation [l(3)cl-R3 or 1(2)cl-L3]. For all retinal mosaics, we
assessed the degree of mosaicism by examining the adult retina
where mutant cells could be identified by loss of the w+ marker. In
Tscl, Pten and Rheb mosaics, mutant cells comprised the vast
majority of the adult retina (- 90%). Wild-type strains were y w,
Oregon-R, or Canton-S.

Immunohistochemistry

For visualization of neuromuscular junction synapses, third instar
larvae were filletedin PBS and fixed in 4% formaldehyde before
staining with Anti-Cysteine String Protein mAB49 at 1:1000 (a
generous gift from Zinsmaier and Buchner) and FITC-conjugated
Anti-HRP at 1:50 (Jackson Labs). Bouton numbers were de-
termined by a combination of CSP and HRP image data. Muscle
surface area measurements were performed using Image] data
analysis software (NIH) and represent the combined area of the
second abdominal segment muscles 6 and 7. Third instar larvae
and 40hr pupae were fixed, stained, and mounted as described
[46] for photoreceptor analysis. Antibodies from the Develop-
mental Studies Hybridoma Bank were used at 1:25 for mouse anti-
Chaoptin (MADb24B10), 1:10 for mouse anti-Repo (MAb8D12),
and 1:25 for mouse anti-Dachshund (MabDac2-3). Secondary
antibodies were from the AlexaFluor series (Invitrogen). Texas
Red-phalloidin was used at 0.165 mM (Invitrogen). All images
were acquired on a Nikon C1 upright laser confocal.

Rapamycin Treatment

Flies were raised on standard laboratory food supplemented with
rapamycin (Sigma) to a final concentration of 3 mM for NM]J
analysis or 2 mM for eye disks. Rapamycin treated Tsc1?’ mosaic
animals with eye discs similar in size to control animals were
selected for photoreceptor projection analysis.
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Electrophysiology

Excitatory junctional potential (EJP)recordings were taken from
muscle 6 in the second abdominal hemisegment of 3™ instar
larvae. Dissections were done in Ca"*-free saline and recordings
were performed in HL3 following published protocols [47].
Recordings were acquired with an Axoclamp 2B amplifier and
pClamp9 software (Axon Instruments). EJP amplitudes and mini-
EJP amplitudes were measured with MiniAnalysis software from
Synaptosoft.

SUPPORTING INFORMATION

Figure SI  Patterning of lamina precursor cells and glia in Pten or
Tscl mosaic animals. (A-F) Dorsal-posterior views of third instar
larval optic lobes stained with anti-Dachshund (lamina precursor
cell marker) or anti-Repo (glial cell marker). (A—C) Pten mosaic
animals show a significantly larger lamina compared to control
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Diet and Energy-Sensing Inputs Affect TorCl1-Mediated
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Abstract

The Target of Rapamycin (TOR) growth regulatory system is influenced by a number of different inputs, including
growth factor signaling, nutrient availability, and cellular energy levels. While the effects of TOR on cell and organismal
growth have been well characterized, this pathway also has profound effects on neural development and behavior.
Hyperactivation of the TOR pathway by mutations in the upstream TOR inhibitors TSCI (tuberous sclerosis complex 1)
or TSC2 promotes benign tumors and neurological and behavioral deficits, a syndrome known as tuberous sclerosis
(TS). In Drosophila, neuron-specific overexpression of Rheb, the direct downstream target inhibited by Tscl/Tsc2,
produced significant synapse overgrowth, axon misrouting, and phototaxis deficits. To understand how misregulation of
Tor signaling affects neural and behavioral development, we examined the influence of growth factor, nutrient, and energy
sensing inputs on these neurodevelopmental phenotypes. Neural expression of Pi3K, a principal mediator of growth
factor inputs to Tor, caused synapse overgrowth similar to Rheb, but did not disrupt axon guidance or phototaxis.
Dietary restriction rescued Rheb- mediated behavioral and axon guidance deficits, as did overexpression of AMPK, a
component of the cellular energy sensing pathway, but neither was able to rescue synapse overgrowth. While axon
guidance and behavioral phenotypes were affected by altering the function of a Tor complex 1 (TorCl) component,
Raptor, or a TORC1 downstream element (S6k), synapse overgrowth was only suppressed by reducing the function of
Tor complex 2 (TorC2) components (Rictor, Sinl). These findings demonstrate that different inputs to Tor signaling
have distinct activities in nervous system development, and that Tor provides an important connection between
nutrient-energy sensing systems and patterning of the nervous system.
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Introduction

The TOR signaling pathway is critical for a broad range of
biological processes. TOR, a serine-threonine kinase, is best
recognized for its role as a central regulator of cell and tissue
growth [1], but recently it has been found to have other important
activities independent of its effects on cell size and rates of cell
division. TOR signaling influences development of the nervous
system, controlling cell migration, synapse growth, and axon
guidance [2,3]. Disruption of the TOR pathway has profound
consequences on neural development, as evidenced by the effects
of abnormally elevated TOR signaling in humans with tuberous
sclerosis [4]. Tuberous sclerosis (TS) is a dominant disorder
produced by mutations affecting one of two proteins, TSC1 or
TSC2. These proteins form a heteromeric complex that negatively
regulates TOR activity, and mutations which impair the function
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of either component result in a high incidence of benign tumors,
chronic seizures, and behavioral abnormalities such as attention
deficit hyperactivity disorder (ADHD) and autism spectrum
disorder (ASD) [5]. The physiological basis of these behavioral
disorders is not known in detail, although studies in model
organisms have shown that disruption of TOR signaling can affect
synapse function, axon guidance, dendritic arborization, and cell
migration during cortical assembly [6,7,8,9].

In both humans and Drosophila, TOR associates with other
proteins in the cell to form distinct TOR-containing complexes.
TOR Complex 1 (TORCI) contains Raptor (Regulatory associ-
ated protein of mTOR), and is sensitive to the drug rapamycin. It
is primarily involved in regulating protein translation through
phosphorylation of the downstream targets S6-Kinase (S6K) and
4E Binding Protein (4EBP) [10]. TOR complex 2 (TORC2)
contains Rictor (Rapamycin-insensitive companion of mTOR)
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and Sinl (Stress-activated-protein-kinase-interacting protein 1).
TORC2 is not affected by rapamycin, a TORCI-inhibitor and
immunosuppressant, and in addition to having a role in actin
dynamics [11], functions as the long-searched-for ‘‘PDK2’’,
capable of phosphorylating AKT at a key regulatory site. AKT
is a serine-threonine kinase [12,13] that not only inhibits TSC2
activity directly, but also influences apoptosis, metabolism, cell
proliferation, and growth [14,15]. Although much is known about
the upstream inputs that control TORC1 activity, very little is
known about regulation of TORC2 [16]. We are interested in
examining the relative contribution of these two distinct complexes
to the neurodevelopmental events governed by TOR, and in
testing whether inputs that are important for regulating TOR-
mediated growth will also play a role in regulating the effects of
TOR on nervous system development and function.

As a key regulator of growth, TOR activity is controlled by a
variety of inputs from nutrient and energy sensing systems, as well
as a number of different growth factors [10]. Nutrient sensing is
largely mediated by amino acid availability, however until recently
it remained a mystery exactly how amino acids were able to
influence TOR pathway activity. Recent studies have shed light on
this question by identifying a family of molecules known as Rag
GTPases, which are able to modify TOR activity in response to
amino acid levels [17,18,19]. They most likely achieve this by
facilitating increased interaction between TOR and Rheb (Ras
homolog enriched in brain), a small GTPase directly downstream
of TSC1/2 and directly upstream of TOR [20]. Cellular energy in
the form of ATP is sensed by AMPK (AMP-activated Protein
Kinase) [21]. When ATP levels are low, AMPK reduces the
activity of the TOR pathway by promoting the inhibitory
functions of TSC1/2. Growth factors, such as insulin and IGF-1
(Insulin-like growth factor 1), regulate TOR activity through the
class I Phosphatidylinositol 3-kinase (PI3K) [14,22]. Activation of
PI3K produces the charged lipid molecule PIP; (phosphatidylino-
sitol (3,4,5)-triphosphates), which in turn activates a signaling
cascade of kinases that governs the function of the TSC1/2
complex. A principal step in this cascade is the phosphorylation of
AKT by PDKI1 (Protein-dependent kinase 1), which occurs at a
conserved site on AKT separate from the site of TORC2-
mediated phosphorylation. Discovering how these various nutrient
sensing, energy sensing, and growth factor mediated inputs to
TOR differ in their effects on neurodevelopment is a key step
towards understanding the overall processes that direct neural
patterning and function. This knowledge will also aid in identifying
possible candidates for pharmacological intervention in treating
diseases where TOR signaling is misregulated, such as tuberous
sclerosis.

Because TOR activity is greatly affected by nutritional and
energy sensing inputs, we have an avenue for manipulating the
function of this pathway through strictly environmental influences,
such as diet composition and caloric intake. This provides a
unique opportunity for evaluating gene-environment interactions,
a fundamental component of disease susceptibility [23]. The
degree to which environmental dietary factors affect normal
development is largely an open question. Instead, we have focused
on the relationship between diet and neural development in the
context of TOR misregulation, such as occurs in humans with
tuberous sclerosis. The possibility that dietary restriction could be
a treatment option for patients with TS is not unprecedented.
Dietary regimes such as the ketogenic diet, where total calories are
reduced and lipids become the primary source of caloric intake,
are already effectively being used to treat seizures, including those
exhibited by individuals with TS [24].
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Our study seeks to understand the neurological and behavioral
abnormalities produced by hyperactivation of the TOR pathway
using Drosophila as a model system. Complete loss-of-function of
either Tscl or gigas, the Drosophila Tsc2 homolog, is lethal [25,26],
so we have created a model of TS in the fruit fly using neuron-
directed overexpression of Rheb, the GTP-binding protein that is
the immediate upstream activator of Tor. This provides a more
modest activation of the pathway [27] and more accurately reflects
the partial loss-of-function found in patients with TS, where
heterozygosity for either TSC1 or TSC2 produces the disease. In
Drosophila we have identified three different neurodevelopmental
and behavioral phenotypes that result from Rheb overexpression:
photoreceptor axon guidance abnormalities in the brain, deficits in
normal phototaxis behavior, and increased size and hyperactivity
of synapses at the neuromuscular junction (NMJ). We examined
the influence of various genetic and environmental inputs to these
Tor-misregulation abnormalities and tested their abilities to rescue
each of the different phenotypes. Rheb and Pi3K showed distinct
and separable roles in neural development, with Rheb hyperac-
tivity producing a broader spectrum of abnormalities. Changes in
diet, both nutrient composition and caloric content, affected
neural patterning and behavioral responses, as did genetic
manipulations of the critical energy sensor AMPK. Synaptic
phenotypes responded differently compared to axon guidance and
behavioral phenotypes, and we show that this is due to a
dependence on different downstream Tor complexes. Taken
together, these findings demonstrate that Tor signaling provides a
critical link between metabolic factors and neural development,
and that environmental influences such as diet can effect neural
patterning and function.

Results

The TSC-TOR signaling system

The complex signaling system that includes Tsc1/Tsc2, Rheb,
and Tor is outlined in Figure 1A [10]. Tor activity is controlled by
a number of critical inputs, including growth factor signaling
pathways mediated through Pi3K, metabolic energy regulators
such as AMPK, and direct measures of amino acid availability.
Nutrient-rich conditions that favor growth promote activation of
Tor, while dietary or energy limitations reduce Tor activity [28].
In the cell, Tor associates with other proteins to form at least two
unique Tor-containing complexes, TorC1 and TorC2, each with
its own distinct binding partners and targets. TorCl, which
contains Raptor, affects protein translation via S6k and 4EBP,
while TorC2, which contains both Rictor and Sinl, influences
actin organization and phosphorylates Akt, a critical regulator of
several different cellular processes. The immediate upstream
components most directly involved in regulating Tor activity are
Rheb and Tscl/Tsc2.

A Drosophila model of TS

In Drosophila, overexpression of Rheb results in hyperactivation of
the Tor pathway. The level of activation achieved in this manner
is more modest than generating Tscl or gigas knockouts, and more
accurately reflects the levels of TOR activation seen in humans
with TS, where heterozygosity for TSC1 or TSC2 mutations
produces symptoms. Systemic overexpression of Rheb causes a high
degree of lethality, so we used the Gal4-UAS system [29] to
selectively express Rheb in neurons. This resulted in behavioral,
morphological, and physiological abnormalities in the nervous
system.

Positive phototaxis responses were used as a sensitive behavioral
measure of nervous system function in this Drosophila model of TS.
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Figure 1. Rheb overexpresion causes defects in behavior, axon
guidance, and synapse morphology. (A) Schematic diagram of the
Tor pathway. Kinases are purple, Tor-complex components are blue,
phosphatases are green, and other components are orange. The Tscl/2
heterodimer inhibits Rheb, which in turn controls the activity of two
Tor-containing complexes, TORCI and TORC2. Relationships which are
not fully-understood or could have multiple intermediary steps are
shown as dashed arrows with question marks. (B, C) Phototaxis
measurements in flies overexpressing Rheb in all neurons (elav-
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Gal4 - UAS-Rheb”, n=416) compared to control flies that have UAS-
Rheb” transgenes but lacked the neuron-specific Gal4 driver (UAS-
Rheb'/+, n=531). The percentage of fliesin each tube of the phototaxis
apparatus after 10 trials is shown, along with the phototaxis index (PI), a
cumulative score where higher numbers indicate a stronger phototaxis
response. (D, E) Optic lobes of pupal brains oriented with retinas toward
the top of the photos. Visualization of photoreceptor projections with
Anti-Chaoptin antibody staining reveals that R7 and RS photoreceptor
neurons form two highly-structured parallel rows of terminations in the
medulla (arrows), with no axon bundles projecting beyond the R7
termination layer in controls. (E) Rheb overexpression in neurons caused
some axon bundles to continue growing beyond their proper R7/R8
termination targets to eventually stop elsewhere within the medulla
(arrowheads). (F, G) Anti-CSP (Cysteine string protein) staining at the
larval NMJ reveals synaptic active zones known as boutons. Neuron-
specific overexpression of Rheb resulted in neuromuscular synapses
approximately 50% larger than corresponding synapses in animals
lacking a Gal4 driver. Scale bars are 50 microns.
doi:10.1371/journal.pone.0030722.g001

The phototaxis assay, developed by Seymour Benzer, provides a
measure of responses to light in repeated trials of adult flies where
10 successive trials are conducted using a single apparatus [30].
Flies that show positive phototaxis for all ten trials end up in the
11™ tube of the phototaxis apparatus. The distribution of flies in
the 11 tubes is therefore a measure of their phototaxis behavior
(see Fig. 1B). The phototaxis index (PI) provides a consolidated
measure of responses across an entire test group [31]. Neuronally-
directed overexpression of Rheb produced phototaxis deficits and a
significantly lower phototaxis index (PI= 6.1 in Rheb overexpress-
ing flies, versus 8.1 in control flies lacking a Gal4 driver, p_0.001
by Student’s t-test).

Overexpression of Rheb in neurons had other neurodevelop-
mental consequences as well. Elevated signaling through the Tor
pathway, mediated by either loss of Tscl or increased levels of
Rheb, resulted in axon guidance defects in the brain [27].
Drosophila have eight distinct photoreceptor neurons, R1-R8, and
during development these project axons to specific termination
sites in the brain [32]. By 40-hours after pupal formation (APF),
the R7 and R8 photoreceptor axons terminate in a highly
reproducible pattern in the medulla region. When viewed in
optical cross-section, these terminations appear as regularly spaced
rows of processes (Fig. 1D). Neuronal overexpression of Rheb
resulted in a failure of some R7 and RS photoreceptors to
terminate at their proper locations (Fig. 1E, arrowheads).
Sometimes these aberrant axon bundles looped back to terminate
elsewhere in the medulla, while in some animals the axons simply
stopped outside of the normal termination zone. The photorecep-
tor termination defects in transgenic flies overexpressing Rheb were
relatively moderate compared to mosaic animals where a majority
of retinal cells were homozygous mutant for Tscl [27].

In addition to the photoreceptor axon guidance defects, we
observed that hyperactivation of Tor signaling also greatly affected
synapse development. Overexpression of Rheb in neurons caused
substantial synaptic overgrowth at the neuromuscular junction
(Fig. 1F, G), altering the balance between the number of synaptic
boutons and the size of the underlying muscle, a tightly controlled
relationship during normal growth and development [27,33].
Animals bearing elav-Gal4 - UAS-Rheb” transgenes sometimes
showed more than a two-fold enlargement of NMJ synapses and
were on average approximately 50% larger [27].

Rheb activity is mediated through Tor

Although Rheb is known to be directly upstream of Tor [34],
we wanted to verify that these Rheb overexpression phenotypes
were the result of increased Tor activation. Complete loss of Tor is
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lethal, so Tor function was reduced by 50% by creating animals
heterozygous for a Tor null mutation. Reducing Tor function in
the context of neuronal Rheb overexpression rescued phototaxis
behavior almost to the level of controls (Fig. 2A). To assess the
degree of photoreceptor axon misrouting, the widths of all axon
bundles that failed to terminate at their proper locations were
measured and averaged across the total number of optic lobes
examined. The average width of misrouted axons in wild-type
controls was essentially zero (data not shown). Heterozygosity for a
Tor null mutation almost completely rescued Rheb-induced axon
guidance abnormalities (Fig. 2B).

At the NMJ, overexpression of Rheb produced large synapses.
The size of the synapse was measured by immunostaining with
anti-Cysteine String Protein (CSP), a critical presynaptic compo-
nent, and determining the number of pixels with staining above a
background threshold. These ‘‘bouton pixel’’ counts were then
divided by the surface areas of the underlying muscles, a method
used for normalizing the size of the motoneuron process to the size
of its target. This method of measuring synapse size is comparable
to traditional bouton counts, but can be more quantitative when
boutons are very small or indistinct, as is the case in animals with
Rheb overexpression (see Methods). Reducing Tor function by
50% caused a significant rescue of the synapse overgrowth
phenotype (Fig. 2C). Taken together with the phototaxis behavior
and axon guidance results, it is evident that the range of
neurodevelopmental deficits produced by Rheb overexpression all
require Tor activity, demonstrating that this is a good model for
studying the consequences of TOR signaling hyperactivation, as
occurs in TS.

Pi3K and Rheb have distinct activities in neural
development

Pi3K and Rheb constitute two different upstream regulators of
Tor, and their relative contributions to distinct neurobehavioral
phenotypes were examined. At the larval NMJ, Pi3K and Rheb
have been shown to have largely equivalent effects in promoting
both NMJ expansion and increases in physiological responses to
motoneuron  stimulation [27]. While Rheb is immediately
upstream of Tor, Pi3K conveys signaling information from growth
factor receptors at the cell surface via multiple intermediates
[14,22]. The similar effects of Rheb and Pi3K expression at the
NMJ prompted an analysis of the influence these two critical Tor
signaling components have on other neurodevelopmental pheno-
types, namely phototaxis and photoreceptor axon guidance.
Consistent with previous reports, expressing Rheb or PI3K with
an elav-Gal4 transgene specific to neurons produced similar levels
of synaptic expansion (Fig. 3A—C) and comparable increases in
EJP amplitudes with either combination (Fig. 3D). However, using
these same Gal4-UAS transgenes, Rheb and Pi3K overexpression
produced very different effects on photoreceptor axon guidance
and phototaxis. Whereas overexpression of Rheb caused substantial
axon termination errors, Pi3K had virtually no effect on axon
guidance in the visual system, even when expressed from a
constitutively active transgene Pi3K““*X [35](Fig. 3E-G). Similar-
ly, Pi3K overexpression had no effect on phototaxis behavior, in
contrast to the deficits observed when Rheb was overexpressed
(Fig. 3H). These results demonstrate that despite having similar
effects on the synapse, Rheb and Pi3k have distinct roles within the
full spectrum of Tor-mediated neurodevelopmental events.

Dietary rescue of behavioral deficits

TOR was originally identified as a key regulator of cell and
tissue growth in response to nutrition [1]. Conditions of plentiful
nutrient and calorie availability are known to activate the TOR
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pathway and promote growth, whereas conditions of low food
availability inhibit TOR and restrict growth. Nutrient availability
is also a potentially important environmental modulator of neural
development. As the behavioral, morphological, and physiological
defects in our Drosophila model of TS are dependent on elevated
Tor signaling, we examined the capacity of dietary restriction to
modulate these effects. Flies were reared on four different diets: (1)
a rich, high-calorie diet (high-calorie or HC, 1203 kcal/L), (2) a
diet low in yeast, the primary source of lipids and amino acids,
which also provides 28% fewer calories as a result (yeast-restricted
or YR, 861 kcal/L), (3) a diet isocaloric to the yeast-restricted diet,
but reduced instead for sugar, the primary source of carbohydrates
(sugar-restricted or SR, 863 kcal/L), and (4) a diet restricted for
both yeast and sugar, providing a low caloric content (calorie-
restricted or CR, 521 kcal/L) [36]. Both the yeast-restricted (YR)
and calorie-restricted (CR) diets significantly rescued phototaxis
deficits in Rheb-overexpressing flies, with the YR food restoring this
behavior to nearly wild-type levels (Fig. 4A). These changes in
behavior were not a consequence of the dietary changes alone,
since these diets had no effect in the absence of the Gal4 transgene
necessary for producing overexpression of Rheb (Fig. 4B). Control
experiments with animals bearing elav-Gal4 and a GFP-tagged
transgene (UAS-mCD8-GFP) showed that these diets did not affect
Gal4-directed expression levels measured at either the NMJ or in
the third instar larval CNS (data not shown). We also examined
the possibility that diet did not show an effect on wild-type fly
behavior since these animals had such a robust phototaxis
response that any enhancements from dietary changes were
obscured. To test this possibility we assessed the effects of dietary
change in a fly stock with a much lower baseline phototaxis score.
Early studies in Drosophila established that different wild-type
strains display varying degrees of positive phototaxis [37], and one
strain with a particularly low level of phototaxis is Oregon-R (Ore-R).
We raised Ore-R flies on each of the four diets and found no
evidence of enhanced phototaxis behavior (Fig. 4B). In these tests a
small, yet significant, decrease in performance was observed with
the calorie-restricted diet, but there was no evidence of any
improvement of behavior such as we observed in animals
overexpressing Rheb. Therefore, the improvement in phototaxis
performance observed in elav-Gal4 - UAS-Rheb" flies is mediated by
caloric restriction and represents a specific gene and environment
interaction (Rheb overexpressionand diet).

Dietary rescue of Tor-mediated axon guidance
abnormalities

Our results thus far demonstrate that a behavioral aspect of
nervous system dysfunction produced by Tor hyperactivation can
be corrected by dietary restriction, but what about a morpholog-
ical deficit? Rheb overexpression in the nervous system produced a
moderate defect in photoreceptor axon targeting, and the capacity
of caloric restriction to ameliorate this developmental deficit was
examined. Elevated levels of Tor signaling caused R7 and R8
photoreceptor axons to grow past their intended targets in the
brain (Fig. 5A, arrows). To quantify the severity of this defect, the
widths of all aberrant axon bundles that failed to terminate were
measured (as indicated by the red bars in Fig. 5A, insets), and the
total width of misrouted axons was determined for each brain.
Compared to control animals raised on the high-calorie (HC) diet,
Drosophila raised on the yeast-restricted (YR) diet displayed a shift
away from the more severe defects and a corresponding increase in
the proportion of milder defects (Fig. 5B). This rescue is more
readily seen by comparing the mean total widths of all misrouted
axons within each group (Fig. 5C). Interestingly, when Rheb was
expressed at this moderately high level, all three diet-restricted
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Figure 2. Rheb overexpression defects are Tor-dependent. (A—

C) Heterozygosity for a Tor null mutation, TorDéB, rescued Rheb-directed
deficits in phototaxis behavior, axon guidance, and synapse expansion.
(A) Neuronally-directed expression of Rheb (elav®'’® _ UAS-Rheb™)
caused a substantial drop in phototaxis response compared to controls
(UAS-Rheb*/+). Heterozygosity for a Tor null allele (elav®'® _ UAS-Rheb*
Tor”®/+) almost completely rescued this defect. (B) Measures of axon
guidance misrouting showed a significant decrease in severity when Tor
function was reduced by 50%. (C) Reduced Tor function rescued
synapse overgrowth to nearly wild-type levels in animals with
neuronally-directed (elav-Gal4) expression of Rheb (MSA =“Muscle
Surface Area”). Asterisks denote p.0.05 using a two-tailed student’s
t-test. Note that different neuronal-directed Gal4 drivers were used for
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assessing the influence of Tor function on Rheb-directed axon
misrouting and synapse expansion. These two different Gal4 drivers
were selected for producing phenotypes at a penetrance and
expressivity where Tor-dependence could readily be assessed.
doi:10.1371/journal.pone.0030722.g002

foods showed a significant capacity to rescue the axon guidance
phenotype.

The capacity of different diets to provide rescue of axon
guidance was explored further using conditions where the degree
of misrouting was less severe. It seemed possible that any
differences between these diets might only be observed at modest
levels of Tor activation, where smaller changes in Tor signaling
would have a more detectable effect. To produce lower levels of
Tor activation, flies were reared at a reduced temperature (21uC
versus 25uC) where the Gal4 transcriptional activator protein is less
active and therefore directs a lower level of Rheb expression. This
technique resulted in an approximately 5-fold reduction in the
severity of axon guidance defects (compare HC diets in Fig. 5C to
5D). Within this context, the yeast-restricted and calorie-restricted
diets still showed a significant capacity to rescue, but the sugar-
restricted diet did not (Fig. 5D). Both YR and CR diets limit lipids
and amino acids, whereas SR is specifically limiting for
carbohydrates. Since the YR and SR diets contain equal amounts
of calories, these results suggest that for this level of Tor pathway
activation it is the composition of each diet that is the key
determinant of rescue, rather than the overall caloric content.

Since the experiments described thus far restrict caloric input by
altering the food content, it was important to determine if the rates
of food consumption and absorption were equivalent across all
diets. A radioactive label was seeded into the food, and third instar
larvae were allowed to ingest the labeled food for a 6-hour interval.
The levels of radioactivity incorporated into the larvae were then
determined, which provides a measure of both food ingestion and
nutrient absorption [38]. No significant differences in the rates of
food uptake were observed for any of the four different diets (Fig.
S1), thus the effects of diet on behavioral and morphological
development were not confounded by differing levels of food
consumption.

Effects of diet on Tor-mediated synapse abnormalities

In addition to testing the effects of diet restriction on phototaxis
deficits and axon patterning defects, the influence of dietary inputs
on the synaptic abnormalities produced by Rheb overexpression
was also examined. Hyperactivation of the Tor pathway resulted
in substantial overgrowth of synapses at the neuromuscular
junction (Fig. 6A, B), as visualized by staining for the presynaptic
marker Cysteine-String Protein (CSP). Despite its ability to rescue
other Rheb-overexpression phenotypes, diet restriction showed no
capacity to rescue synaptic overgrowth (Fig. 6B-D). Animals raised
on YR or CR diets showed the same degree of bouton-per-muscle-
area expansion as flies raised on the high-calorie diet. Flies raised
on the sugar-restricted diet actually showed an increase in synaptic
overgrowth. Control experiments showed that reducing caloric
content was also unable to limit synapse growth in animals without
overexpression of Rheb in the nervous system (elav-Gald - UAS-
mCD8-GFP; data not shown).

Hyperactivation of Tor signaling also caused changes in the
electrophysiological function of the NMJ. Suprathreshold stimu-
lation of the motoneuron evokes a depolarization at the muscle
known as the excitatory junctional potential (EJP) [33,39](see
Fig. 6F). Overexpression of Rheb caused an abnormal increase in
the magnitude of this response, and raising flies on YR food was
not able to rescue this defect (Fig. 6E, F). The inability of dietary
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Figure 3. Pi3K and Rheb have similar effects on synapse size and function, but not on axon guidance or phototaxis behavior. (A-C)
Neuronal expression of either Pi3K or Rheb had equivalent effects on synapse size, as measured by anti-CSP staining. (D) Suprathreshold electrical
stimulation of the motoneuron produces synaptic transmission and depolarization of the underlying muscle known as an excitatory junctional
potential (EJP) [33]. This physiological measurement provides a reproducible readout of synapse functionality. Compared to control animals lacking a
neuron-specific Gal4 driver, Pi3K expression and Rheb expression both caused similar increases in EJP amplitudes at the neuromuscular junction. (E-G)
Anti-Chaoptin staining of photoreceptor axons revealed that, contrary to the axon guidance defects observed in animals overexpressing Rheb
(arrowhead), axon guidance misroutings in Pi3K-expressing animals were extremely rare, even when we expressed the constitutively-activated
transgene UAS-Pi3K“***, (H) Neuronal overexpression of Pi3K did not cause deficits in phototaxis behavior, unlike what was observed when flies
overexpressed Rheb. Asterisks denote p . 0.05 compared to control UAS-Rheb’/+ animals using a two-tailed student’s t-test statistic. Scale bars are
50 microns.

doi:10.1371/journal.pone.0030722.g003

restriction to affect either the NMJ growth or the physiological Effects of activated AMPK on Tor misregulation

changes mediated by hyperactivation of Tor indicates that Given the ability of dietary changes to alter the behavioral and
nutritional signals have a smaller impact on these Rheb-mediated  axon guidance deficits of Tor hyperactivation, we examined
outcomes. whether genetically manipulating an energy-sensing input to Tor
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phototaxis behavioral deficits in Rheb-overexpressing flies, compared to identical flies raised on a diet of rich, high-calorie (HC) food. Flies raised on a
diet restricted only for sugar (SR) showed a slight trend toward improvement, but the results were not significant. (B) Oregon-R, a wild-type strain of
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changes did not affect phototaxis behavior in control flies which lacked a Gal4 driver, and therefore did not overexpress Rheb. The number of animals
(n) in each group is indicated. In all graphs, one asterisk denotes p_ 0.05 using a two-tailed student’s t-test (compared against the HC diet) and two

asterisks denotes p 0.001.
doi:10.1371/journal.pone.0030722.g004

signaling, AMPK, could rescue the Rheb overexpression abnor-
malities we previously observed. In the cell, AMPK assess the ratio
between the high-energy molecule ATP and its low-energy
counterpart ADP [21]. Under low-energy conditions, AMPK
positively regulates Tsc1/2 activity and causes a corresponding
decrease in Tor pathway activity (see Fig. 1). Expressing a
constitutively activated form of AMPK, AMPK™[21], in neurons
provided signals indicative of a low energy status. When AMPK™
and Rheb" were co-expressed in neurons there was a significant
rescue of Rheb-mediated axon guidance and phototaxis abnor-
malities compared to animals with neuronal expression of Rheb*
alone (Fig. 7 A-D). In previous experiments, dietary restriction
was not able to rescue Tor-misregulation defects at the synapse,
and a similar result was found for AMPK. Not only did AMPK'™
expression fail to rescue the synaptic abnormalities (Fig. 7 E-I), it
actually enhanced Rheb-mediated synapse overgrowth (Fig. 7H).
Expression of AMPK™ alone, under the direction of elav-Gal4, did
not affect NMJ size or EJP responses. It would appear, therefore,
that the synaptic effects of AMPK are dependent on the baseline
activity of Rheb and Tor.

Identifying downstream components of Rheb-
overexpression phenotypes

To determine how different inputs that influence Tor activity
(calorie levels, AMPK, Rheb, Pi3K) affected some Rheb-overex-
pression phenotypes but not others, a series of experiments were
undertaken to modulate Tor-containing complexes downstream of
Rheb. Previous studies have established that nutrient levels, and in
particular amino acids, regulate the growth control functions of
TOR primarily by modulating the activity of TORCI1, the
Raptor-containing complex that affects translation, ribosome
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biogenesis, and autophagy [10,20]. Because the axon guidance
defects produced by Rheb overexpression were sensitive to changes
in dietary composition, TorC1 was a logical signaling complex to
test that could be essential for photoreceptor axon misrouting
abnormalities. This hypothesis was examined by testing the ability
of an RNAI construct targeted against raptor, a critical component
of TorC1 [16,40], to suppress the effects of neuronally-directed
Rheb expression. Using the pan-neuronal driver elav-Gal4, Rheb"
was co-expressed along with a raptor RNAi transgene. Knockdown
of raptor resulted in almost complete rescue of Rheb-mediated axon
guidance defects (Fig. 8A, C), suggesting that this is indeed a
TorCl-dependent output of Tor hyperactivation. RNAi knock-
down of S6k, a major downstream target of TorC1-signaling, also
significantly reduced the axon misroutings produced by overex-
pression of Rheb” in neurons, supporting the conclusion that this
phenotype is largely a TorC1-directed process (Fig. 8B, C). To rule
out the possibility that the presence of two UAS-containing
transgenes titrated the level of Gal4 protein, and produced rescue
by simple reduction of Rheb expression, we determined the level of
synapse expansion mediated by elav-Gal4 - UAS-Rheb when a
second UAS-mCD8-GFP was present in the stock. In this case we
observed a 3-fold expansion of the NMJ (data not shown), a level
comparable to previously published findings from our group (2.2
fold) [41]. We have also conducted control experiments where we
examined the expression levels of two tagged UAS-transgenes,
either when only one (UAS-mCDS8-GFP) or both (UAS-mCDS-GFP
and UAS-RFP) were present in the animal bearing the elav-Gal4
driver. Expression of UAS-mCD8-GFP at the NMJ was unaffected

by the presence of the second UAS-transgene (data not shown),
indicating that titration of Gal4 protein was not a confounding
factor in these experiments.
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Figure 5. Dietary changes can rescue axon misrouting defects in photoreceptor neurons. (A) In pupal brains with neuronally-directed
overexpression of Rheb (elav-Gal4 - UAS-Rheb"), anti-Chaoptin staining revealed photoreceptor axon bundles that failed to stop at their proper
targets and continued to grow into other areas of the brain (arrows). The inset images at the bottom of this panel (26 magnified) contain red bars
that illustrate our technique for measuring across the width of these misrouted axon bundles. By adding these measurements together we achieved a
semi-quantitative measure for the severity of axon guidance defects within each individual brain hemisphere. (B) Dietary restriction in Rheb-
overexpressing animals shifted the distribution of brains with axon guidance problems away from the more severe defects and towards more mild
phenotypes (compare YR and HC diets). This was measured by the percentage of brain hemispheres (penetrance) with wider bundles of axon
misroutings versus the percentage of brains with smaller misroutings or no misroutings at all. (C) Averaging the width of misrouted axon bundles
across all the brains in a particular group provides an alternative measure of axon misrouting severity. The restricted diets significantly rescued axon
guidance defects in Rheb-overexpressing animals compared to the same flies raised on rich, high-calorie (HC) food. (D) We greatly reduced the level
of Rheb overexpression by using a different neuron-specific Gal4 driver, elav®'**, and rearing the flies at a temperature that limits Gal4 activity, 21uC.
Under these conditions, axon misrouting defects were much milder and could only be rescued by the YR and CR diets, both of which are restricted in
their levels of yeast, the primary source of lipids and amino acids. Reducing sugar alone (the SR diet) had no effect. In all graphs, one asterisk denotes
p-0.05 using a two-tailed student’s t-test (compared against the HC diet) and two asterisks denotes p . 0.001. Scale bar is 50 microns.
doi:10.1371/journal.pone.0030722.2005

TorC2 is a regulator of actin dynamics, cell morphological  axon guidance defects mediated by Rheb. Neither the S6k nor
changes, and dendritic arborization [9,11]. Mutations compro-  raptor RNAi transgene was able to rescue Rheb-mediated synaptic
mising the function of Sinl and rictor, two unique TorC2  overgrowth (Fig. 9A-D). To evaluate the role of TorC2 in Rheb-
components, have been described and provide a means of  directed synapse overgrowth, sinl and rictor mutants were crossed
selectively compromising this signaling entity. Null mutations in  into elav-Gal4 - UAS Rheb” flies. Both sinl and rictor mutations were
able to suppress the overgrowth of the NMJ mediated by
overexpression of Rheb (Fig. 9E-J). sinl mutants also showed a
significantly smaller synapse compared to controls (Fig. 9I),
suggesting that TORC2 does play a role in the NMJ growth
during normal development.

either of these genes are viable, allowing these alleles to be placed
in the context of a fly with neuronally-directed Rheb” expression.
Null mutations in either rictor or Sinl failed to show a statistically
significant effect on Rheb-mediated axon guidance defects
(Fig. 8D-E), indicating that TorC2 is not involved in this
particular output of elevated Tor signaling.

In contrast to axon guidance defects, the synapse overgrowth
phenotypes of Rheb overexpression were not suppressed by diet The TOR signaling pathway, long known for influencing
restriction or AMPK activity. To further explore these findings,  growth control and tumor formation, has more recently been
TorC1 activity was inhibited with the same neuronally-directed  identified as an important pathway in nervous system develop-
raptor and S6k RNAI constructs that were effective in suppressing ment, controlling such cellular events as cell migration, axon

Discussion
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Figure 6. Dietary restriction does not rescue Rheb-mediated overgrowth or electrophysiological changes at neuromuscular
synapses. (A, B) Rheb overexpression caused an increase in the CSP-expressing pixels (boutons) in larval motoneurons at the neuromuscular junction, as
shown by anti-CSP staining. (C, D) Dietary restriction showed no significant rescue of the Rheb-overexpression phenotype at the NMJ, and restriction of
sugar (SR) actually caused a modest increase in the CSP-stained regions of the boutons, corrected for muscle size (by dividing by the muscle-surface-area).
(E) The hyperfunctional excitatory junctional potential (EJP) responses seen in Rheb-overexpressing animals could not be rescued by a dietary regime that
was particularly effective at rescuing both phototaxis behavior and axon misrouting (compare elav-Gal4 - UAS-Rheb" animals raised on the YR diet,n=11, to
elav-Gal4 - UAS-Rheb” animals raised on the HCdiet, n=11. For elav-Gal4/+ control animals raised on HC food, n=7). (F) Representative traces of
recorded EJP measurements clearly illustrate the elevated amplitudes observed when Rheb is overexpressed, regardless of diet. Asterisks denote p . 0.05
using a two-tailed student’s t-test compared against the HC diet in D, and against elav-Gal4/+ control animals in E. Scale bar is 50 microns.

doi:10.1371/journal.pone.0030722.2006

guidance, synaptic expansion, and dendritic arborization
[3,7,9,42,43,44]. The central role of TOR as an integrator of
signals from different metabolic and growth factor inputs has been
well established with regards to growth control, but how these
inputs affect TOR-directed neural development had not been
previously examined. The TOR signaling pathway is rather
unique in serving a critical role in both the regulation of
metabolism and the control of developmental patterning. The
fact that dietary influences are able to affect the morphological and
physiological processes controlled by this system emphasizes that
energy availability is not simply a ‘‘stop’’ or ‘‘go’’ input to
development. Rather, neural patterning and metabolism are
linked via this critical growth regulatory pathway.

Pi3K and Rheb have distinct activities in neural patterning

We tested multiple upstream inputs to Tor signaling and found
each one to have a varying ability to affect Tor-hyperactivation
phenotypes (summarized in Fig. 10). For example, growth factor
inputs through Pi3K produced the same level of synapse

;'@. PLoS ONE | www.plosone.org

expansion as overexpression of Rheb, however Pi3K had no effect
on axon misrouting or phototaxis behavior. This fits with earlier
work from our group where we found that loss of Pten, an
antagonist of Pi3K activity, in the Drosophila retina produced much
milder photoreceptor misrouting defects compared to loss of Tscl,
the primary inhibitor of Rheb [27]. Rheb activates Tor directly,
whereas Pi3K influences Tor through a series of molecular
intermediaries, most notably Akt and Tscl/Tsc2 [22]. Pi3K
signaling certainly does play an important role in Tor pathway
events such as responding to insulin signals and mediating
inhibitory feedback mechanisms, yet Pi3K signaling also has a
number of other downstream targets independent of Tor. It would
seem that in photoreceptor axon guidance and phototaxis
behavior Pi3K has only a modest impact on Tor signaling.

Dietary and AMPK-mediated rescue of Rheb-induced
axon guidance defects

Manipulation of metabolic inputs provided significant rescue of
Tor-mediated axon guidance and phototaxis deficits. The most
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Figure 7. Constitutively active AMPK rescues Rheb-mediated axon guidance and phototaxis deficits, but not NMJ overgrowth or
amplified EJP responses. (A-C) Expression of a constitutively activated AMPK transgene together with Rheb” greatly decreased the severity of the
axon misrouting defects (arrows) normally seen in Rheb—overexpressing animals. (D) Co-expression of both AMPK™ and Rheb" in neurons also
rescued the phototaxis deficits normally present in Rheb-expressing animals. When we expressed AMPK'™ on its own, we did not see any change in
phototaxis performance compared to controls or any measurable axon misrouting (data not shown). (E-H) At the larval NMJ, co-expression of a
constitutively-activated AMPK in Rheb-overexpressing neurons did not rescue Rheb-mediated synaptic overgrowth, and in fact, caused an even
greater increase in synapse size, despite the fact that AMPK™ had no effect on synapse growth when expressed on its own. (I) Similarly, co-expression
of AMPK™ in Rheb-overexpressing neurons failed to rescue the elevated EJP amplitudes and, in fact, further exacerbated this defect. AMPK™ had no
effect on synaptic response when expressed alone. Asterisks denote a two-tailed Student’s t-test statistic of p0.05. Scale bars are 50 microns.

doi:10.1371/journal.pone.0030722.2007

substantial rescue of Rheb overexpression phenotypes by diet came
from the ones lowest in lipids and amino acids, namely YR and
CR. This suggests caloric levels and content both affect Tor
activity in the context of neural patterning. Indeed, different
amino acids are known to have varying degrees of effect on TOR
pathway activity. For example, restricting the level of either
leucine or arginine alone results in nearly the same degree of

;'@. PLoS ONE | www.plosone.org

TORC1 inactivation as restricting all amino acids [28]. These
observations are relevant toward designing diets that are optimally
suited for diminishing the effects of TOR hyperactivation. We
note that more severe disruption of Tor signaling produced by
complete loss of Tscl function in the retina of a genetic mosaic
animal was not rescued by dietary restriction (data not shown),
indicating that an intact Tsc-Rheb-Tor axis is required for dietary
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Figure 8. Rheb-mediated axon guidance defects are dependent on TorC1 downstream components, but not on TorC2. {A-C) Rheb
was neuronally expressed in pupal brains along with RNAIconstructs against either raptor, a principal component of Tor-complex 1, or S6k, an
important downstream mediator of TorCl activity. Genetic knockdown of either of these critical mediators of TorCl signaling significantly rescued
the axon misrouting defects normally observed in Rheb-overexpressing animals.{D-F) When Rheb was neuronally overexpressed in animals with null
mutations in either of the critical TorC2 components rictor or Sinl, we saw no significant rescue of axon guidance defects (arrows). Although Sinl
mutants did show a small degree of axon misrouting even in the absence of Rheb misexpression, this level of defect was not substantial enough to
confound the interpretation of our primary results. Asterisks denote a two-tailed Student's t-test statistic of p<O.0S compared to elav-Gai4=UAS-
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Figure 9. Rheb-mediated synapse overgrowth was not rescued by knockdown of TorCl signaling, however it was rescued by loss of
the TorC2 components sinl and rictor. (A) Anti-CSP staining of third-instar larval NMJs shows considerable overgrowth of motoneuron boutons in
Rheb-overexpressing animals. (B-D) RNAi knockdown of either the TorCl component raptor or the TorCl downstream mediator S6K failed to
decrease the severity of synapse overgrowth defects when Rheb was overexpressed. Reducing S6K function actually worsened the severity of this
phenotype. (E-J) In contrast, homozygous loss of the TorC2 components sinl and rictor significantly rescued synaptic overgrowth in Rheb-
overexpressing animals, indicating that this is a TorC2-dependent event. Asterisks denote a two-tailed Student’s t-test statistic of p0.05 compared
to elav-Gal4 _ UAS-Rheb’(*) or to elav-Gald/+ (**) controls. Scale bars are 50 microns.

doi:10.1371/journal.pone.0030722.g009

effects. This is precisely the situation that exists in individuals with Expression of a constitutively activated AMPK in neurons also
tuberous sclerosis since heterozygosity for TSC1 or TSC2 is  rescued Rheb-mediated misrouting of photoreceptor axons. This
causative for the disorder. finding is consistent with current models where AMPK serves to
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knockdown of S6k, suggesting the removal of a feedback inhibition.
Synapse overgrowth is also induced by Pi3K overexpression, similarly to
Rheb.

doi:10.1371/journal.pone.0030722.g010

activate the Tscl/Tsc2 complex, thus limiting Tor activation
under conditions of energy depletion. However, neither diet
restriction nor AMPK activation rescued synapse overgrowth. In
fact, expression of a constitutively activated AMPK enhanced the
Rheb-mediated synapse overgrowth phenotype. This finding
emphasizes that axon misrouting and synapse growth are
fundamentally different Tor-regulated processes. If AMPK
primarily affects reduction of TorCl activity, perhaps the
downregulation of TorCl influences a feedback loop that
enhances other Tor-dependent events at the NMJ. In fact, we
have evidence that Rheb-directed synapse overgrowth is largely a
TorC2-mediated process and is relatively insensitive to TorCl
activity.

A similar rescue of some Tor-hyperactivation phenotypes but
not others was recently reported for a mouse model of TS in which
Tscl function had been eliminated in most neurons [7]. In this
system, rapamycin treatment rescued abnormal cell body growth,
myelination deficits, and neurofilament overenlargement, yet
rapamycin had no effect on neuronal dysplasia and it only slightly
rescued defects in dendritic spine density. These results illustrate a
categorical difference between different outputs of TOR hyper-
activation, and they demonstrate that various inputs to TOR
signaling are specifically targeted to some functions of TOR and
not others.

TorC1 and TorC2 control distinct processes in neural
development

Rapamycin treatment and amino acid restriction act primarily
on TorCl rather than TorC2. The ability of diet and AMPK
activity to affect axon misrouting and phototaxis deficits in Rheb-
overexpressing animals suggested that these defects were largely
TorCl-dependent events. This model was supported by our
finding that Rheb-directed axon misrouting was rescued by
knockdown of the TorCl component raptor or the primary
downstream component of TorCl signaling, S6k. These results

;'@. PLoS ONE | www.plosone.org
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are on the face of it in contrast with previously published findings
that reductions in S6K function or rapamycin treatment (a
TORCl1-inhibitor) were unable to ameliorate axon guidance
abnormalities in genetic mosaics where photoreceptor neurons are
homozygous mutant for Tscl [41]. It is important to point out the
substantial difference in phenotype severity produced by loss of
Tscl in the retina versus overexpression of Rheb described here, a
much milder phenotype. We interpret these findings that
modulation of TORCI1 function (rapamycin) and output (S6K)
is only effective in altering the severity of the axon guidance
abnormality in the context of an intact Tsc-Rheb-Tor axis. It is
also possible that TORCI1 is only one TOR-containing signaling
complex that affects axon guidance, and in the presence of very
high levels of TOR activity, TORC1-modulation cannot suppress
the most severe phenotoypes. Axon guidance abnormalities
produced by overxpression of Rheb were however, entirely
insensitive to mutations in rictor, an essential TorC2-component.
These findings show that disruptions of Tor pathway function that
affect axon misrouting can be affected by TorCl-directed
processes (Fig. 10) and we were unable to detect TORC2-
modulation or regulation of axon routing processes in the visual
system.

Unlike axon misrouting defects, synapse overgrowth was not
rescued by dietary restriction or knockdown of TORC1 signaling.
Rather, Rheb-mediated synapse overgrowth was rescued by
knockout of either of two TORC2 components, rictor or sinl.
Sinl mutants also displayed a smaller synapse compare to controls,
indicating that TORC2 serves a role in normal synapse growth. A
recent study also discovered a role for TorC2 in the growth of
sensory neuron dendritic arbors in Drosophila [9], thus TorC2 is
clearly an important element in Tor regulation of neuron and
synapse morphogenesis.

The inability of raptor or S6k RNAi to suppress Rheb-directed
synapse overgrowth, together with the clear effects of'rictor and sinl
on this phenotype, emphasizes that hyperactivation of the Tor
pathway in neurons produces NMJ expansion at least in some
measure via a TorC2-directed process. Paradoxically, however,
knockdown of the downstream TorC1 effector S6k produced a
significant increase in the severity of this Rheb-mediated synapse
overgrowth phenotype. In situations where Tor signaling is
elevated, such as occurs when Rheb is overexpressed, an inhibitory
feedback mechanism exists between S6k and the insulin receptor
substrate Chico that dampens the level of Tor pathway activation
[45]. Knockdown of S6k in the context of Rheb overexpression
decreases or eliminates this feedback and could result in even
higher levels of Tor activation. It is possible that this loss of S6k
feedback indirectly increases the level of TorC2 activation,
resulting in the enhancement of synapse overgrowth we see in
these animals.

Although it is widely accepted that TorC1 is directly activated
by Rheb [20,34], the relationship between Rheb and TorC2 is not
fully understood. Studies using cultured Drosophila S2 cells
previously suggested an inhibitory effect of Rheb on TorC2
activity [16,46], yet this model doesn’t fit with our observations in
vivo. Overexpression of Rheb caused synapse overgrowth at the
NMIJ which could be rescued by knockout of TorC2 components
rictor and sinl. Rather than an inhibitory relationship, this finding
suggests a positive relationship between Rheb and TorC2 in this
context. Whether Rheb can directly activate TorC2 or must
activate it through some indirect process remains to be explored,
but the basic relationship is clear. The observation that Tor
pathway components can behave differently in various cellular
contexts is not without precedent. In the mouse brain, for
example, inactivation of PDKI, a critical mediator of PI3K
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signaling, caused an increase in phosphorylated AKT at the
TORC2-dependent site, but this effect was seen only in glial cells
and not in neurons [47]. Likewise, AMPK mutations have been
shown to cause cell-polarity defects in Drosophila epithelial tissues
[21], yet in the retinal epithelium AMPK mutations caused a
progressive neural degeneration phenotype and cell polarity was
normal [48]. Even within cells of the same type there is evidence
that Tor-signaling components interact with each other differently
based on changes in the cellular environment. In the Drosophila
wing disk, for example, under normal physiological conditions
feedback inhibition of Akt phosphorylation is primarily mediated
through an So6k-independent function of TorCl, yet under
conditions of elevated Tor pathway activity, feedback inhibition
becomes S6k-dependent [45]. Taken as a whole, these observa-
tions show that the relationships between different Tor-signaling
components are cell-type specific and respond dynamically to
different signaling states.

Recently autophagy has been shown to affect NMJ expansion
via the regulation of Highwire (Hiw), a ubiquitin E3 ligase [49].
Activation of autophagy, either by reduction of TorC1 signaling or
overexpression of atgl, produced a characteristic synapse expan-
sion phenotype with long synaptic branches and many small
diameter boutons. Loss of hiw, in addition to producing a larger
NMIJ, compromises the physiological function of the NMJ and
results in markedly reduced EJP responses [50,51]. We consider
this type of synapse expansion to be functionally distinct from what
we have produced in our Drosophila model of TS, where
hyperactivation of Tor signaling produces a large synapse with
many large boutons and an enhanced EJP response to supra-
threshold stimulation of the motoneuron. The involvement of
TorCl-directed autophagy in regulating the levels of Hiw, a
modulator of synapse growth, and the clear role of TorC2 in the
synapse expansion we describe here, emphasizes the complexity of
Tor function in synapse development.

Implications from a fly model of TS

Understanding the complex relationships between various
inputs to Tor is important for designing interventions that could
ameliorate the neurological and behavioral consequences of
elevated TOR signaling, as occurs in humans with TS. In
traditional metabolic disorders such as phenylketonuria, nervous
system function is disrupted by a buildup of toxic intermediaries
produced by deficits in particular metabolic pathways [52].
Disruptions of TOR signaling operate much differently, where it
is the levels of common metabolic regulatory molecules that must
be tightly controlled to ensure appropriate activation of the
pathway. Our results using this relatively simple model system
suggest that pharmaceutical interventions at different levels of
TOR signaling may have very different effects with respect to
neurological function. Neurological deficits of TS individuals
might best be affected by Rheb-directed interventions, since that
level of the pathway affects both axon guidance and synapse
assembly. Targeting more distant inputs must be done carefully,
since some of these may have unanticipated effects. For example,
AMPK  expression substantially diminished axon guidance and
behavioral deficits, but it also caused a marked increase in the
severity of synaptic overgrowth and hyperfunctionality. Similarly,
although TORC1-specific drugs such as rapamycin can be used to
treat the effects of TOR-hyperactivation in humans, these will
likely not affect TORC2-mediated abnormalities which could
contribute to some elements of the neurological or behavioral
deficits. The possibility of ameliorating TOR-misregulation with
diet suggestsa viable alternative to pharmaceutical intervention.
Diet restriction has long been used to effectively treat seizure
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disorders [24], but a better understanding of this pathway is
needed to make optimal decisions about the dietary changes that
would be most effective and clinically realistic. Clearly, the more
we come to understand about this unique system that links
metabolism and neural development, the better equipped we will
be to address the various problems that arise when control of this
pathway is lost.

Materials and Methods

Fly Stocks

w'; P{UAS-Rheb.Pa}3 (UAS-Rheb"), w"; P[w";Gald-clav.L]2/CyO
(elav-Gal4), P{GawB}elav“'> (elav“'*®), Oregon-R-C (Oregon-R), y' w';
P{WT-Dp110}2 (UAS-Pi3K™ ™), P{Dp110-CAAX} 1 (UAS-Pi3K“**X),
and w'''®; PBac{RB}Sin1°*"*¢ (Sin1%/?) were from the Bloom-
ington Drosophila Stock Center. P{GD5138}v13112/CyO (UAS-
raptor™) and w!''' P{GD6646}v18126 (UAS-S6K®™*) were
from the Vienna Drosophila RNAi Center. Tor®® was a gift from
T. Neufeld, UAS-AMPK™ 4-1 was a gift from J. Chung [21],
and both rictor®' and rictor®? were gifts from S. Cohen [13].

Food Preparation

Our standard fly food contains approximately 869 kcal/L from
the cornmeal, sugar and yeast ingredients (Harvard Biolabs). The
four diets were taken directly from a recipe previously described
[36]. Per Liter of food, all diets contained 20 g of agar, 30 mL ofa
100 g/l methyl 4-hydroxybenzoate (Sigma) solution, 3 mL of
propionic acid, and varying amounts of brewer’s yeast and sucrose
depending on the diet. The rich, high-calorie (HC) diet contained
150 g/L ofboth yeast and sucrose resulting in an estimated total of
1203 kcal/L, the yeast-restricted (YR) diet contained 65 g/L of
yeast and 150 g/L of sucrose for an estimated total of 861 kcal/L,
the sugar-restricted (SR) diet contained 150 g/L of yeast and
65 g/l of sucrose for an estimated total of 863 kcal/L, and the
calorie-restricted (CR) diet contained 65 g/l of both yeast and
sucrose for an estimated total of 521 kcal/L.

Phototaxis analysis

Phototaxis analysis was performed using an 11-tube counter-
current distribution apparatus similar to one previously described
[53] and based on the phototaxis sorting technique developed by
S. Benzer [54]. Newly-eclosed Drosophila adults were sedated by
carbon dioxide and counted into sample groups of 50-100 mixed
male and female populations. After a 24-hour period of recovery,
the flies were dark-adapted (placed in a dark room) for 30 minutes
and then transferred into the first tube of the phototaxis apparatus.
A 15-watt soft-white fluorescent lamp was placed 6 cm away, and
the flies were allowed 60 seconds between each shift of the
apparatus to move towards the lighted end of each tube. After ten
trials, the number of flies in each tube was counted and the results
were then ygnalyzed using the phototaxis index equation,
PI —01=NP  ;i.n; where iis the fraction number (tube number),
n is the number of fliesin the given fraction, and N is the total
number of flies tested [31].

Immunohistochemistry

For visualization of photoreceptors, Drosophila were dissected 40-
hours after pupal formation and stained according to established
protocols [55]. Anti-Chaoptin (MADb 24B10, Developmental
Studies Hybridoma Bank) was used at 1:25. The widths of
misrouted axon bundles were measured using ImageJ data analysis
software (NIH). For visualization of NMJ synapses, third instar
larvae were filleted in PBS and fixed in 4% formaldehyde before
staining with anti-Cysteine String Protein at 1:1000 (MADb 1G12,
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Developmental Studies Hybridoma Bank). For determining
“‘bouton pixel number,”” a measure of synapse size, individual
confocal optical sections were volume-rendered to show the entire
depth of Anti-CSP staining for each synapse (between muscles 6
and 7 of the second abdominal (A2) hemisegment). Traditionally,
synapse size at the NMJ has been assessed by counting boutons
detected by anti-CSP or other presynaptic marker staining in a
two dimensional projection of a serially-sectioned preparation. We
found this method limiting in conditions where individual boutons
are not distinct and it is difficult to obtain a reliable bouton count.
We therefore measured synapse size by determining the number of
anti-CSP stained pixels, setting a threshold for staining above
background. Images were opened in Adobe Photoshop CS3
(Adobe Systems Inc., San Jose, CA) and a threshold value was set
for each image to maximize the synapse while removing
background fluorescence. Pixels below threshold were assigned
an intensity value of 0 and all pixels above threshold intensity were
assigned a value of 255. A histogram function was used to measure
the total number of pixels within the synapse that were above
threshold. This method of synapse size measurement provides for
quantitation where the subjective assignment of whether fluores-
cence is coalesced into a defined bouton is not part of the process.
This method was compared to the standard bouton-counting
procedure, where individual boutons are scored, and similar
relationships between experimental samples were obtained. For
example, the bouton-counting method (normalized for muscle
area) for elav-Gal4 - UAS-Rheb animals reared on different diets
gave the following measures (HC=0.002960.000188, YR=
0.0027560.00018, SR =0.0033560.000164 and CR = 0.002836
0.00020 with n= 30, 25, 32 and 12 respectively). Note that the
relationships between the different data sets are the same as when
assessed using the pixel counting method (shown in Figure 6D),
with one sample significantly different (larger) than the others (SR
diet). In all cases, muscle surface areas were the combined
measurements of muscles 6 and 7 as determined by ImageJ data
analysis software (NIH,Bethesda, MD). Images were collected
using a Nikon C1 upright laser confocal and Olympus FV1000
laser scanning confocal microscope with Nikon EZC1 imaging
software and Imaris V7.3 (Bitplane Inc. Saint Paul, MN).

Electrophysiology

EJP recordings were taken from muscle six of the second
abdominal hemisegment (A2)in third instar larvae. Dissections
were performed in calcium-free saline and recordings were taken
in modified HL3 medium with a calcium concentration of 1.2 mM
[39]. Thin-walled glass recording electrodes with resistances of 10—
30 mV were pulled on a Model P-87 needle puller (Sutter
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ABSTRACT: The Akt family of serine-threonine
kinases integrates a myriad of signals governing cell
proliferation, apoptosis, glucose metabolism, and
cytoskeletal organization. Akt affects neuronal mor-
phology and function, influencing dendrite growth
and the expression of ion channels. Akt is also an
integral element of PI3Kinase-target of rapamycin
(TOR)-Rheb signaling, a pathway that affects syn-
apse assembly in both vertebrates and Drosophila.
Our recent findings demonstrated that disruption of
this pathway in Drosophila is responsible for a num-
ber of neurodevelopmental deficits that may also
affect phenotypes associated with tuberous sclerosis
complex, a disorder resulting from mutations com-
promising the TSC1/TSC2 complex, an inhibitor of
TOR (Dimitroff et al., 2012). Therefore, we exam-
ined the role of Akt in the assembly and physiologi-
cal function of the Drosophila neuromuscular

junction (NMJ), a glutamatergic synapse that dis-
plays developmental and activity-dependent plastic-
ity. The single Drosophila Akt family member, Aktl
selectively altered the postsynaptic targeting of one
glutamate receptor subunit, GIuRIIA, and was
required for the expansion of a specialized postsy-
naptic membrane compartment, the subsynaptic
reticulum (SSR). Several lines of evidence indicated
that Aktl influences SSR assembly by regulation of
Gtaxin, a Drosophila t-SNARE protein (Gorczyca
et al.,, 2007) in a manner independent of the misloc-
alization of GIuRIIA. Our findings show that Aktl
governs two critical elements of synapse develop-
ment, neurotransmitter receptor localization, and
postsynaptic membrane elaboration. ¥ 2013 Wiley
Periodicals, Inc. Develop Neurobiol 73: 723-743, 2013
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INTRODUCTION

Synaptic plasticity requires molecular and morpho-
logical changes that allow previous activity to shape
the physiological properties of synaptic communica-
tion. Secreted protein growth factors such as brain-
derived neurotrophic factor play essential roles in
synaptic plasticity, directing developmental and ac-
tivity-dependent changes at these specialized cell
junctions (Lauterborn et al., 2007). While an expand-
ing set of growth factors are being identified as im-
portant determinants of synaptic plasticity, the
molecular outputs of these signaling systems are less
well understood (Rawson et al., 2003; Salinas, 2003).
One signaling molecule of central importance for the
integration of many growth factor inputs is the ser-
ine-threonine kinase Akt (Franke, 2008). In mamma-
lian systems, three Akt isoforms govern a range of
cellular and physiological processes from cell growth
to membrane trafficking (Zhang et al., 2002; Man-
ning and Cantley, 2007). Aktl plays critical roles in
cell growth and cell survival (Chen et al., 2001). Akt
phosphorylation of AS160 influences exocytosis of
glucose transporter-containing vesicles, providing an
increased capacity for glucose transport across the
plasma membrane (Gonzalez and McGraw, 2006;
Watson and Pessin, 2006; Grillo et al., 2009). Con-
sistent with a role of Akt in glucose uptake and ho-
meostasis, mice null for Akt2, expressed ubiquitously
in all cell types, show defects in insulin-stimulated
glucose uptake (Nakatani et al.,, 1999; Cho et al,
2001; Bae et al., 2003; Easton et al., 2005; McCurdy
and Cartee, 2005). Akt3, the isoform expressed most
abundantly in the central nervous system, is essential
for normal brain growth affecting both the number
and size of neurons (Tschopp et al., 2005). Akt sig-
naling is also known to govern neuronal morphology
and synapse development directly (Dudek et al.,
1997; Grider et al., 2009; Lee et al., 2011). Phospho-
rylation of the type A GABA receptor by Akt
increases its localization to the synapse (Serantes
et al., 2006). Akt regulates dendrite formation in Dro-
sophila peripheral sensory neurons, demonstrating
the capacity of this kinase to govern membrane proc-
esses that influence synaptic function (Parrish et al.,
2009). The central role of Akt in signal integration
prompted us to explore its function in the develop-
ment of the Drosophila neuromuscular junction.

The Drosophila neuromuscular junction is a
powerful model for molecular analysis of synapse de-
velopment and plasticity. Each muscle of the larval
body wall is innervated by identifiable motoneurons,
and these peripheral synapses are well described at
the molecular, morphological, and physiological

Aktl in GluR Composition and Growth of SSR at NMJ 724

levels (Jan and Jan, 1976; Gramates and Budnik,
1999; Ruiz-Canada and Budnik, 2006; Schuster,
2006). The Drosophila NMJ is a synapse that
expands greatly during larval growth, and the
dynamic matching of pre- and postsynaptic elements
is critical for its assembly. The growth of the NMJ is
accompanied by the expansion of a specialized post-
synaptic membrane, the subsynaptic reticulum (SSR),
as well as the regulated expression of specific gluta-
mate receptor subunits. GIuRIIA is critical for the
functional strengthening and morphological growth
of the synapse that accompanies muscle expansion
during development (Petersen et al., 1997; Sigrist
et al., 2002).

We have explored the function of the single Akt
gene in Drosophila, Aktl, in synapse assembly and
function using the NMJ as a model. We demonstrate
that Aktl is required for the developmentally regu-
lated expansion of the SSR, in addition to regulating
glutamate receptor composition. These findings dem-
onstrate that Aktl serves a critical role in two funda-
mental elements of synapse development.

MATERIALS AND METHODS

Fly Stocks

All fly strains were raised in standard cornmeal food at
25°C during embryogenesis and 30°C during larval devel-
opment under a 12-h/12-h day/night cycle, unless otherwise
stated. Oregon-R strain served as the wild type stock.
Akt1'/TM3 and Akt1®**/TM3 were obtained from the
Bloomington Drosophila Stock Center (BDSC). Akt1%*%
is a P-element insertion and hypomorphic allele. The null
allele Aktl'is embryonic lethal, but Aktl'/Akt1*? trans-
heterozygotes are semi-viable and some survive to the adult
stage. G14-GAL4, 24B-GAL4, Mef2-GAL4, and elav-GAL4
transposon-containing stocks (BDSC) were used for muscle
and neuronal-specific expression of UAS-Akt1™A! (Vienna
Drosophila RNAi Center (VDRC) #103703), UAS-Gtx™41
(VDRC #105113), UAS-Gtaxin (from V. Budnick, Univer-
sity of Massachusetts (Gorczyca et al., 2007)), UAS-GluR-
ITA-mRFP (Kittel et al., 2006), and UAS-mCDS8-GFP
(BDSC #5137) constructs, respectively. Protein trap line
Bsg-GFP (Flytrap #G00311) directs the expression of GFP-
tagged Basigin under the control of its endogenous pro-
moter. UAS-Dicerll was used together with elav-GAL4 to
increase the effectiveness of RNA interference in neurons
(Dietzl et al., 2007). The temperature-sensitive GALS0
repressor, GAL80" under tubulin promoter (Tubp-GALS0",
from BDSC), was combined with Mef2-GAL4 line for tem-
poral control of UAS-Akt1®™* expression in the muscle
(Zeidler et al., 2004). GAL80" suppressed GAL4 function
at the permissive temperature (18°C). At the restrictive
temperature (30°C), GAL80" released GAL4, allowing its
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binding to the UAS, and inducing the expression of
Akt1®¥4 To inhibit the expression of Aktl at the early de-
velopmental stage, embryos were kept at 30°C for 2 days
and then raised at 18°C until they reached third instar larval
stage. In contrast, animals, which Aktl was suppressed at
the late stage, were raised at 18°C until second instar stage
and then shifted to 30°C for 2 days before immunohisto-
chemistry. The constitutively active forms of Aktl (Akt1“Y)
and GFP tagged Aktl“* (Akt1““-GFP) were generated
using QuikChange II Site-Directed Mutagenesis Kit (Agi-
lent Technologies, Santa Clara, CA), resulting in the
replacement of amino acids Threonine 342 (ACC) and Ser-
ine 505 (AGC) with Aspartic Acid (GAC). The Akt1“*and
Akt1“*-GFP constructs were cloned into pUAST-attB vec-
tor and then integrated into the third chromosome (99F8)
by site-specific P-element mediated germline transforma-
tion (Rainbow Transgenic, CA).

Immunohistochemistry and Confocal
Microscopy

The third instar larval muscles were dissected in ice-cold
Ca®! free HL-3 media and fixed with either 4% paraformal-
dehyde for 30 min or Bouin’s fixative solution for 5 min
(for glutamate receptor subunits antibody immunostaining)
or 15 min (for Gtaxin antibody immunostaining). All subse-
quent washes were performed in PBST (0.5% triton X-100
in phosphate buffered saline (PBS)). A total of 5% normal
goat serum in PBST was used for sample blocking and anti-
body incubations. Primary antibodies mouse anti-glutamate
receptor IIA antibody (1:50, 8B4D2, Developmental Studies
Hybridoma Bank (DSHB), University of Iowa, lowa City,
IA), rabbit anti-glutamate receptor IIB and IIC antibodies
(1:2000 from D. Featherstone, University of Illinois at Chi-
cago), mouse anti-DsRed (1:500, Santa Cruz Biotechnol-
ogy), rat anti-Syndapin (1:100, from M. Ramaswami,
University of Arizona), rat anti-Gtaxin (1:200, from V. Bud-
nick, University of Massachusetts), rabbit anti-Dorsal and
Cactus antibodies (1:1000, from S. Wasserman, University
of California, San Diego), mouse anti-Discs large (1:500,
4F3, DSHB), mouse anti-Cysteine string protein (1:1000,
6D6, DSHB), mouse anti-a-Spectrin (1:1000, 3A9, DSHB),
and mouse anti-Bruchpilot (1:1000, nc82, DSHB) were
incubated with sample for at least 12 h at 4°C. Alexa-fluo-
rescence conjugated secondary antibodies were obtained
from Life Technologies (Grand Island, NY).

Images were acquired using an Olympus Fluoview
FV1000 laser scanning confocal microscope (Olympus
America, Lake Success, NY). Quantification of protein lev-
els were performed using Imaris 7.3 (Bitplane, Saint Paul,
MN) and ImageJ1.42q (NIH) software for image processing
and analysis. Serial images taken by confocal microscopy
were reconstructed into 3D images using Imaris without
any other processing. Immunoreactivity-positive voxels
were then assayed by counting the total number of voxels
(Abundance) and by measuring their average fluorescent in-
tensity. Both of the values were further normalized by mus-
cle size for each preparation.
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Western Blotting Analysis

Total protein was prepared from dissected third instar larval
muscle tissues in SDS-loading buffer and ran on 9% so-
dium dodecyl sulfate polyacrylamide gel (SDS-PAGE),
polyvinylidene difluoride (PVDF) membrane was incubated
overnight with anti-phosphorylated Aktl or anti-b-Actin
antibodies (Cell Signaling Technology, MA) in blocking
solution (5% w/v nonfat dry milk in 0.5% Tween-20 in
Tris-buffer saline) at 4°C. Signals were amplified using
horseradish peroxidase (HRP) conjugated secondary anti-
body and detected using Supersignal West Femto Maxi-
mum Sensitivity Substrate (Thermo Scientific, IL).

Transmission Electron Microscopy

The third instar larval muscles were dissected in ice-cold
Ca®! free HL-3 media and fixed in buffer (1.5% glutaralde-
hyde, 2.5% paraformaldehyde, 1.8 mM Ca®' in 0.1M Na-
cacodylate, pH 7.4) at 4°C overnight. Postfixation was
done in 1% osmium tetroxide, and en bloc staining was per-
formed with 2% uranyl acetate in dark condition. The sam-
ples were rinsed in 0.1M sodium cacodylate buffer (pH
7.4), dehydrated and infiltrated, embedded in Spurr’s resin,
and sectioned to 70 nm slices. The images were taken with
a transmission electron microscope (JEOL1200, Tokyo,
Japan) and analyzed by ImageJ1.42q (NIH).

Electrophysiology

Excitatory junction potentials (EJPs) and miniature excita-
tory junction potentials (mEJPs) were recorded at room
temperature from muscle 6 of abdominal hemi-segment A3
in third instar larvae (Rawson et al., 2003). The third instar
larvae were dissected in ice-cold Ca®' free HL-3 media and
recordings were performed with larvae in HL-3 media con-
taining 1.2 mM Ca?'. Muscle 6 of A3 was impaled with the
recording electrode and before stimulation, recordings were
taken for 1 min to measure spontaneous activities (mEJPs)
(Stewart et al., 1994). Following the recording of mEJPs,
evoked EJPs were elicited in the same muscle with 1 Hz
pulses. A total of 1 nA of current was injected for 200 ms to
record plasma membrane resistance and capacitance. Record-
ings were acquired with Axoclamp 2B amplifier and Clam-
pex 9.2 software (Axon Instruments, CA). Only the
recordings with resting membrane potentials lower than

260 mV were included in this analysis. EJP and mEJP
amplitudes and kinetics were analyzed with MiniAnalysis
(Synaptosoft, Fort Lee, NJ).

Statistical Analysis

Statistical analyses for quantitative data were performed in
Minitab Release 16 (Minitab, State College, PA). All data
points were presented as mean 6 SEM and analyzed using
Student’s t-tests for normally distributed data or post hoc
Tukey—Kramer for pairwise comparisons of data with non-

normal distributions.
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Figure 1 The Akt signaling system and level of Aktl knockdown using RNA interference in Dro-
sophila. A: In this summary, kinases Rheb, and Tsc1/2 are purple symbols, phosphatases are green,
and other components of TOR1 and TOR2 complex are blue. Aktl is activated by growth factors
via Pi3K and PDK1 and by nutritional sensing through Tsc1/2 and TOR complexes. Relationships
that are not fully understood or have several possible intermediary steps are shown as dashed
arrows or a question mark (adapted from Dimitroff et al., 2012). B: Aktl function was compro-
mised by muscle-specific expression of an Akt1®™™* construct using the GAL4-UAS system. The
level of phosphorylated Aktl was measured by Western blot. Total muscle proteins were prepared
from third instar larval muscles of control animals (UAS-AktlRNAi transgene only; UAS-Akt]RNAY
1) or Akt1™* animals with muscle specific knockdown of Aktl using 24B-GAL4 driver (24B-
GAL4>UAS-Akt1™A) - Akt] was dramatically decreased in muscle tissue expressing Akt1®¥ as
compared with controls. Measures of b-Actin were used as a protein loading controls. Total pro-
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teins extracted from either one (13) or two larvae (23) were loaded.

RESULTS

Aktl plays a central role in a number of signaling
processes, acting both downstream and upstream of
growth factor and target of rapamycin-directed
events. The Aktl kinase governs a number of cellular
activities including cell proliferation, cell survival,
and cytoskeleton organization [Fig. 1(A)]. Given
these diverse and critical functions, we explored the
role of Aktl in synapse assembly. In addition to the
well-described Aktl mutant alleles (Staveley et al.,

1998; Mozden and Rubin, 1999; Guo and Zhong,

2006), we used an Akt1®™A transgene (Dietzl et al.,

2007) to inhibit Aktl function selectively in either
motoneurons or muscle cells. To assess the level of
inhibition achieved by the AktI®™™* construct, we
measured the level of phosphorylated Aktl (active

form of Aktl) by western blot. Using a muscle-dir-
ected GAL4 to drive the expression of UAS-Akt]™ 4,
phosphorylated Aktl protein was reduced to 24.2%
of wild-type level in third instar larval muscle tissue
[Fig. 1(B)].

We began assessing the role of Aktl in NMJ as-
sembly by examining the distribution and level of
glutamate receptor IIA (GluRIIA), one of the neuro-
transmitter receptor subunits at this glutaminergic
synapse. Glutamate is the major excitatory neuro-
transmitter at the type I bouton of the Drosophila
larval NMJ (Brunner and Okane, 1997; Collins and
DiAntonio, 2007). The NMJ glutamate receptor
(GIuR) is a heterotetramer comprised of three invari-
ant subunits: GluRIIC, D, and E. The fourth subunit,
either GIuRITA or B, determines the type and the
electrophysiological properties of the receptor
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(DiAntonio et al., 1999; Featherstone et al., 2005;
Qin et al., 2005a; DiAntonio, 2006). Subunit GluR-
IIA and B competitively bind to GluRIIC; hence, the
preferential expression of these two subunits consti-
tutes one element of developmental plasticity exhib-
ited by this synapse (Marrus et al.,, 2004). We
examined the levels and distributions of GIuRIIA
using a well-characterized monoclonal antibody,
anti-GIluRITA (Featherstone et al., 2002; Qin et al.,
2005a; Karr et al., 2009). The specificity of this anti-
body has been well documented by showing that im-
munoreactive signal is lost in GIuRIIA null mutant
(Marrus et al., 2004). Partial loss of Aktl function,
achieved with the heteroallelic combination Aktl'/
Akt104226, altered GIuRIIA distributions and levels,
with a reduction at postsynaptic structures and the
appearance of GIuRIIA immunoreactivity within
repeated bands throughout the muscle cells [Fig. 2
compare (A), (B) to (C), (D)]. This latter phenotype
was more prominent in muscles 15 and 16 and was
observed to a lesser extent in muscles 6 and 7, the
postsynaptic cells typically used for electrophysio-
logical analysis [arrowheads in Fig. 2(C,D)].

Directed expression of an Akt1™*in either mus-
cle or neuron using the GAL4-UAS binary system
(Brand and Perrimon, 1993) provided the means of
assessing the cell-type specific requirements for Aktl.
We used multiple muscle-specific GAL4 driver lines,
G14, 24B, and Mef2 to confirm that the associated
phenotypes were due to muscle-directed RNAI
expression, but not expression in some alternative
cell types. These GAL4 drivers showed some differ-
ences in the level of transcriptional activity, but all
induced similar Aktl knockdown phenotypes for
GIuRIIA localization and SSR expansion. Muscle-
specific expression of Akt1™* produced a dramatic
loss of GIuRIIA at the synapse and its redistribution
into intracellular bands in the muscle cell, confirming
the phenotype observed in Aktl'/Akt1%*** mutants
[Fig. 2 compare controls shown in (E-H) to muscle
cell-directed Akt1™* animals in (I-L)]. Knockdown
of Aktl in the motoneuron had no effect on GluRITA
distribution (data not shown). GAL4-directed tran-
scriptional  activation is temperature-dependent,
allowing for different levels of Aktl™* expression
and consequently loss of Aktl function, by simply
rearing the animals at different temperatures. At
18°C, GIuRIIA distributions were normal, but with
decreasing levels of Aktl function produced at 25°C
and 30°C, GIuRIIA was progressively lost from the
postsynaptic site and increasingly localized within in-
tracellular bands [Fig. 2 compare control animals,
panels (E-H), to muscle-specific Akt1™*! panels (I
L); in enlarged images (H) and (L), arrows indicate

Aktl in GluR Composition and Growth of SSR at NMJ 727

synaptic boutons; arrowheads indicate GIuRIIA in
bands]. Although GIuRIIA failed to localize to the
postsynaptic specialization upon inhibition of Aktl
function, we did note a net and significantly increased
level of GIuRIIA within intracellular structures [Sup-
porting Information Fig. 1(A), animals reared at
30°C]. These findings established that localization of
GIuRITA was affected by reductions of Aktl function
mediated by Akt]®NA transgene expression in the
postsynaptic cell.

To further explore the mechanism of the dramatic
redistribution of GIuRIIA achieved by knockdown of
Aktl, we examined the expression pattern of an mRFP-
tagged GIuRIIA derived from a UAS-transgene. This
provided the opportunity to visualize the transgenic
GIuRITA-mRFP by both fluorescence of the mRFP pro-
tein, and immunodetection of the polypeptide with an
anti-RFP antibody, anti-DsRed. Consistent with our
earlier results looking at endogenous GIuRIIA, com-
promising Aktl function produced loss of GIluRIIA-
mRFP at the synapse, detected by either mRFP fluores-
cence or anti-RFP antibody [Fig. 3 compare (B), (C) to
(F), (G)]. Interestingly, the redistribution of GluRIIA-
mRFP to intracellular bands was only detected with the
anti-RFP antibody, but not by monitoring the fluores-
cence of the mRFP-tagged receptor subunit [Fig.
3(F,G)]. In control animals, the RFP-fluorescence pat-
tern precisely overlaps the anti-RFP signal [Fig.
3(B,C)]. This result suggests that reduction of Aktl
function may disrupt the structural integrity of GIluR-
ITA-mRFP, resulting in loss of its native fluorescence,
whereas the RFP-epitope is found redistributed to intra-
cellular membrane structures.

We have also examined the developmental win-
dow during which Aktl is essential for GIuRIIA
localization by wusing the temperature-sensitive
GALS80" system (Zeidler et al., 2004). When a
GALS0" transgene is present with GAL4-UAS com-
ponents, the GAL80O suppresses the activity of the
transcriptional activator GALA4, preventing
expression of the UAS-transgene, in this case, UAS-
Akt1®™A Raising the temperature to restrictive level
inactivates GAL80® and permits expression of the
Akt1™A We used this system to inactivate Aktl dur-
ing different developmental stages. Reduction of
Aktl function during a 2-day window early in devel-
opment (embryo-first instar larva) produced some
redistribution of GIuRIIA into intracellular stripes,
whereas a later 2-day inactivation window in third
instar larval stage merely reduced the levels of GluR-
ITA at the synapse [Fig. 3(I-P)]. These data suggest
that the redistribution of GIuRIIA observed with
reduction of Aktl throughout development is not
merely the result of a failure of synaptic stabilization

Developmental Neurobiology



control

AktI®™¥4%iin muscle

Aktl in GluR Composition and Growth of SSR at NMJ

Akt1'/Akt]10426

18°C 25°C 30°C

Figure 2 GIuRIIA localization was modified in Aktl mutants and animals with muscle-specific in-
hibition of Aktl. GIuRIIA localization was examined in muscles 6 and 7 using monoclonal anti-
GIuRIIA antibody (red). Anti-HRP antibody detected neuronal projections (green). A and B: In
wild-type animals, GIuRIIA was located in the postsynaptic specialization that surrounds the moto-
neuron boutons. C and D: Aktl'/Akt]1%***® mutants showed reduction of GIURIIA at synaptic bou-
tons (see arrows) and redirection to intracellular bands (faint staining in muscles 6 and 7, and more
prominent in muscles 15 and 16; see arrowheads). E-L: Aktl function was compromised by mus-
cle-specific expression of an Akt1®™* construct using the GAL4-UAS system. UAS-Akt1®™*/1 ani-
mals served as controls. GAL4 transcriptional activation shows temperature dependence,
permitting a graded level of Aktl blockade from 18°C (low level of inhibition) to 30°C (high level
of inhibition). E-H: In control larvae, GIuRIIA immunoreactivity was concentrated in the postsy-
naptic region surrounding boutons at all temperatures. H: Enlarged view of white box area in (Q),

lRNAi

arrows show the motoneuron boutons surrounded by GIuRIIA. I-L: In Akt expressing larval

muscle (24B-GAL4>UAS-AktI®*™A) GIuRIIA mislocalization (arrowheads) was more severe with
greater inhibition of Aktl function at increasing temperature (larvae reared at 18°C (I), 25°C (J), or
30°C (K and L)). L Enlarged view of white box area in (K), arrows show synaptic boutons lacking
GIuRIIA immunoreactivity; arrowheads mark ectopic GIuRIIA within intracellular bands. Scale
bar in (A—G) and (I-K), 50 mm, in (H) and (L), 5 mm.
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because the levels of GIuRIIA would likely recover
quickly from new synthesis (Rasse et al., 2005) but is
affecting a process occurring in early development
that alters GIuRIIA production and delivery to the
synaptic specialization.

We also examined the effect of Aktl on two poten-
tial downstream targets, Dorsal and Cactus (Drosoph-
ila homologs of NF-jB and Ij-B, respectively).
These two proteins have recently been shown to
localize to postsynaptic specializations and regulate
glutamate receptor levels at the NMJ (Heckscher
et al., 2007). While Dorsal and Cactus have been
well characterized as transcriptional activator pro-
teins, their activity at the NMJ is posttranscriptional,
affecting the localization or stabilization of glutamate
receptors in the SSR (Heckscher et al., 2007). To
determine whether Aktl’s effects on GIuRIIA local-
ization could be mediated at least in part by an influ-
ence on Dorsal or Cactus, the levels and distributions
of these two proteins at the NMJ were evaluated. As
previously described, Dorsal and Cactus were con-
centrated in postsynaptic specializations at type Ib
boutons in control animals [Fig. 4(A,B,E,F)]. Upon
RNAIi knockdown of Aktl, both Dorsal and Cactus
levels significantly decreased at the NMJ [Fig.
4(C,D,G,H)] [Supporting Information Fig. 1(B)]. In
addition to the reduction of Dorsal levels at the NMJ,
Dorsal was mislocalized in a number of animals
(23.8% penetrance) and partially colocalized with
GIuRIIA into intracellular bands in the muscle cell
[Fig. 4(L-N); arrowheads indicate the bands of GIluR-
ITA and Dorsal, arrows indicate synaptic boutons].
Although the penetrance of this phenotype was mod-
est, it was reproducible across three different sets of
experiments. These findings showed that Aktl affects
the levels of two potential Aktl downstream targets
known to regulate GIuRIIA levels, and suggest the
possibility that Aktl regulates GIuRIIA at least in
part via the control of Dorsal and Cactus.

The ability of Aktl to affect the trafficking of one
glutamate receptor subunit to the postsynaptic spe-
cialization suggested the possibility that this mecha-
nism could regulate GluR subunit composition. The
distributions of glutamate receptor subunits I1IB and
IIC were therefore examined in animals with knock-
down of Aktl in the muscle. In the animals with
reduced Aktl function, GIuRIIB, the functional alter-
native to IIA, remained at the synapse under condi-
tions where GIuRIIA was localized almost
exclusively within intracellular bands [Supporting In-
formation Fig. 2(H-K)]. The correct delivery of
GIluRIIB to the postsynaptic specialization when Aktl
function was compromised with Akt1™*" was con-
firmed by showing its spatial colocalization with
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Bruchpilot, a presynaptic protein required for active
zone function [Supporting Information Fig. 2(E-G)
for control and (L-N) for Aktl knockdown] (Wagh
et al., 2006). The correct delivery of GIuRIIB is con-
sistent with the observation that these larvae were
motile, and that a functional receptor must contain ei-
ther GIuRIIA or GIuRIIB. Likewise, the essential
subunit GIuRIIC was appropriately localized to the
postsynaptic specialization in the face of reduced
Aktl function (data not shown). Aktl is therefore
selectively regulating the delivery of GIuRIIA to the
synapse, and reductions in Aktl result in mislocaliza-
tion of IIA to an intracellular compartment.

The selective requirement for Aktl function to cor-
rectly localize GIuRIIA but not the other receptor
subunits begs the question as to whether other pro-
teins require Aktl for correct targeting to the postsy-
naptic specialization. Therefore, we have examined
three other synaptic components: Discs-Large
(DLG), the homolog of mammalian PSD-95; Synda-
pin, an F-BAR domain-containing protein; and Basi-
gin, a transmembrane protein located principally in
the SSR. Both DLG and Syndapin promote SSR
expansion (Lahey et al.,, 1994; Budnik et al., 1996;
Guan et al., 1996; Kumar et al., 2009) and associate
with SSR membrane following their translation in the
cytoplasm (Thomas et al., 2000). Basigin is a synap-
tic transmembrane protein located principally in the
postsynaptic SSR and is required for synaptic func-
tion (Besse et al., 2006, 2007). Reduction of Aktl
function in the muscle to a degree that completely
disrupted GIuRIIA localization did not alter the selec-
tive targeting of Basigin to the synapse [Supporting
Information Fig. 3, compare (A) to (B)]. DLG and
Syndapin, the two cytoplasmically synthesized and
SSR-associated proteins, showed normal localization
to the postsynaptic specialization of the NMJ [Sup-
porting Information Fig. 3 compare controls without
GAL4 driver, (C-E) to muscle-specific 24B-
GAL4>UAS-Akt1™* animals in (F-H)]. Quantita-
tion of the immunofluorescence signal for these pro-
teins did show significantly reduced levels of Basigin
and Syndapin, whereas DLG signal was lower but
did not achieve statistical significance (Supporting
Information Fig. 4). Taken together these findings
demonstrated that the mislocalization of GIluRIIA
upon reduction of Aktl is specific, and does not affect
the localization of other transmembrane (Basigin,
GIuRIIB) or cytoplasmically synthesized (Dlg, Syn-
dapin) postsynaptic proteins.

The SSR is a complex postsynaptic membrane spe-
cialization that requires the activity of a number of
proteins for its growth and maintenance, including
DLG, Syndapin, and the Drosophila t-SNARE
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Gtaxin (Lahey et al., 1994; Budnik et al., 1996; Gorc- to determine if Aktl affected the elaboration of the
zyca et al., 2007; Kumar et al., 2009). Given that SSR. The ultrastructure of the SSR was evaluated in
reductions in Aktl function affected the levels of syn- animals with reduced Aktl function using transmis-
aptic proteins Syndapin and Basigin, it was of interest sion electron microscopy (TEM) of NMIJ synaptic
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boutons. At the Drosophila NMJ, the motoneuron
boutons are “embedded” in the surface of the muscle
cell (Jia et al., 1993). The tubulo-membranous SSR is
seen as a complex set of multilayered membranes
within the muscle cell and surrounding the nerve ter-
minal [Fig. 5(A)]. The dimensions and complexity of
the SSR were reduced in larvae expressing Aktl®NA
in the muscle cell without affecting the length of the
presynaptic active zones [Fig. 5(A—C)]. These experi-
ments demonstrated that Aktl was required for the
proper expansion of the SSR.

Gtaxin mutant shows reduced SSR elaboration as
well as changes in the complex membrane architec-
ture of the muscle cell (Gorczyca et al., 2007). This
architecture was revealed by labeling all muscle
membranes with a mouse transmembrane protein,
mCDS8-GFP, and performing 3D reconstruction of
optically sectioned cells. The mCD8-GFP integral
membrane protein tag uncovered a cortical mem-
brane compartment above the muscle nuclei, and a
subcortical membrane network below the nuclei
intermingled with the contractile apparatus. The cort-
ical membrane compartment was at the same level as
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and Aktl affected SSR, we examined whether Aktl
also influenced the organization of intracellular mem-
brane compartments, as documented for Gtaxin mu-
tant. As previously reported, mCD8-GFP expression
in the muscle cell revealed a complex set of membra-
nous structures including a cortical domain (c), the
nuclear envelope (n), and a subcortical network (sc)
[Fig. 5(D,H)]. The SSR was also prominently labeled
by mCDS8-GFP in the muscle, as evidenced by co-
localization with DLG [Fig. 5(E-G)]. Reduction of
Aktl function affected muscle cell membrane organi-
zation in a manner similar to that observed in Gtaxin
mutant (Gorczyca et al., 2007). Namely, the cortical
domain was nearly abolished and the subcortical do-
main was compressed, consistent with the much
reduced muscle thickness in these animals [Fig.
5(H)]. The mCDS8-GFP labeling of the SSR was also
dramatically decreased, supporting the TEM findings
of reduced SSR elaboration in animals with muscle-
directed Akt™* expression [Fig. 5(I-K)].

Based on the similar ultrastructural changes in the
SSR and muscle membrane organization resulting
from reductions in Gtaxin and Aktl function, Gtaxin

was a logical candidate as a downstream target of
Aktl activity. To explore this possibility, we exam-
ined Gtaxin levels and distribution in animals with
muscle-specific expression of AktI®™A (Mef2-
GAL4>UAS-Akt1®™*)) or a constitutively active form

the SSR and was greatly reduced in Gtaxin mutant
(Gorezyca et al., 2007). There is evidence that DLG
traffics through the cortical membrane compartment
on its way to the SSR (Thomas et al., 2000; Gorczyca
et al., 2007). Given that reductions of both Gtaxin

Figure 3 Aktl affects GIuRIIA trafficking to NMJ and is crucial in the early developmental stage.
Two experiments are shown here. The first (panels A—H) shows the results from a study where the
distribution of an engineered GIuRIIA-RFP when Aktl function was compromised with RNA inter-
ference. The GIuRIIA-RFP was detected with either endogenous fluorescence from the mRFP or an
anti-mRFP antibody (anti-DsRed). The second experiment (panels I-P) was designed to determine
the developmental window when Aktl activity was critical for GluRIIA localization. Time-limited
inhibition of Aktl function was achieved using Akt1™*'and a temperature-sensitive GAL80 (see
“Materials and Methods”). A—D: GIuRIIA-mRFP (red) was colocalized with anti-DsRed signals

(gray) at the NMJ in control animals (G14-GAL4, UAS-mCD8-GFP; UAS-GIuRIIA-mRFP/1). E-
H: GIuRIIA-mRFP fluorescence was reduced significantly at the postsynaptic density (arrows)
upon inhibition of Aktl function. The redistribution of GluRIIA-mRFP protein into an intracellular
compartment was detected only with anti-DsRed immunostaining in Aktl compromised animals
(G14-GAL4, UAS-mCDS8-GFP; UAS-GIuRIIA-mRFP>UAS-Akt1"¥*) (arrowheads). I-P: To inves-
tigate the critical periods when Aktl is required for GIuRIIA localization at the NMJ during devel-
opment, the temperature-sensitive GAL80 repressor under tubulin promoter, Tubp-GALS0®, was
used along with the GAL4-UAS binary system to allow temporal spatial regulation of Akt]®NA!
expression (Tubp-GAL80®, Mef2-GAL4>UAS-Akt1™*) I-L: At all temperatures, control (Tubp-
GALS0", Mef2-GAL4/1) animals showed normal GIuRIIA distribution at the NMJ. M: In Tubp-
GAL80", Mef2-GAL4/UAS-Akt1®™A animals at the permissive temperature (18°C), when expres-
sion of Akt1™*is minimal on account of GAL80"® blockade of transcription, the animals displayed
a normal GluRIIA distribution. N: Incubation at the restrictive temperature (30°C) for 2 days right
after egg laying induced modest GluRIIA mislocalization in muscles while much of the GluRIIA
remained at the NMJ. O: Temperature shift from 18°C to 30°C for 2 days at the third instar larval
stage produced reduced levels of GIuRIIA immunoreactivity at the NMJ but no abnormal localiza-
tion. P: Animals reared at 30°C throughout the entire developmental stages displayed severe GluR-
ITA mislocalization. Scale bar in (A-H), 10 mm, in (I-P), 50 mm.
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control AktI®N in muscle
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Figure 4 Influence of Aktl on Dorsal and Cactus levels and distribution at the NMJ. A and B: In
control animals (UAS-Akt1®™*/1), Dorsal (detected by anti-Dorsal antibody; red) is localized to
the postsynaptic specialization. Neuronal projections were labeled by anti-HRP staining (green).
C and D: Aktl function was compromised by expressing UAS-Akt1®™* under the muscle-
specific 24B-GAL4. Dorsal levels at the NMJ were significantly reduced. E and F: Cactus (red) was
concentrated at the NMJ in control animals. G and H: Inhibition of Aktl function in the muscle
(24B-GAL4/UAS-Akt1™*) resulted in reduced levels of Cactus at the NMJ. I-K: In control ani-
mals, Dorsal immunoreactivity (red) colocalized with GIuRIIA (green) immunoreactivity at the
postsynaptic specialization. L-N: In muscles where Aktl expression was inhibited, both Dorsal and
GIuRIIA redistributed into intracellular bands, although the effect on Dorsal was less and incom-
pletely penetrant. Mislocalized Dorsal partially overlapped with GluRIIA (arrowheads indicate
bands of Dorsal and GluRIIA; arrows indicate synaptic boutons). Scale bar in (A-H), 50 mm, in (I-
N), 5 mm.
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of Aktl (Mef2-GAL4>UAS-Akt1“*). In wild-type ani-
mals, Gtaxin immunoreactivity is concentrated at the
SSR [Fig. 6(B,C)], and muscle-directed RNAi of
Aktl greatly reduced Gtaxin levels at this postsynap-
tic specialization [Fig. 6(F,G)]. Gtaxin has been
implicated in SSR formation not only on account of
the reduction of SSR complexity in Gtaxin mutant
but also from the production of ectopic, mCDS-GFP
labeled membranous structures in animals overex-
pressing wild-type Gtaxin (Gorczyca et al., 2007).
Muscle-directed expression of Akt1“* produced
membranous structures with the same visible fea-
tures. In these animals, Gtaxin was present at
increased levels and localized to patches throughout
the muscle [Fig. 6(I-K)]. These ectopic membrane
elaborations were confirmed at the TEM level and
are structurally similar to those documented in
animals overexpressing Gtaxin in the muscle
[Fig. 6(M-0)].

The formation of mCD8-GFP-labelled membrane
patches mediated by Akt1“* was also found to be de-
pendent on Gtaxin. The ectopic membranous
patches induced by Akt1“* expression in the muscle
were visualized by mCD8-mRFP and showed some
features of SSR, namely concentration of a-Spectrin
and DLG (Pielage et al., 2006) [Fig. 7]. Reduction
of Gtaxin by RNA interference blocked the Akt1“*-
mediated formation of these “ectopic” SSR struc-
tures [Fig. 7(B,D)]. The ectopic membrane patches
induced by Akt1“* overexpression were not reduced
by expression of a control UAS-transgene, exclud-
ing the possibility that suppression of Aktl1“* func-
tion was due to titration of GAL4 proteins in
Gtaxin®™ A expressed animals (data not shown). In-
hibition of Gtaxin by Gtaxin®“*' expression in mus-
cle induced loss of mCDS8 at the SSR but DLG
remained at the postsynaptic specialization [Fig.
7(F,H)]. In addition, GIuRIIA localization was not
disrupted by Gtaxin® A\, indicating that Gtaxin does
not play a role in this aspect of Aktl function and is
consistent with published findings (Gorczyca et al.,
2007) [Fig. 7(J)]. These results demonstrated that
Gtaxin is required for Aktl“*-mediated formation of
ectopic membranous structures. It is of interest that
Gtaxin bears a consensus sequence (RXRXXS/T)
for Aktl phosphorylation, indicating a potential
phosphorylation site at Serine 255, suggesting that
Gtaxin could be a direct target of Aktl activity
(Datta et al., 1999; Zhang et al., 2002).

The experiments described above establish that
Aktl is required for correct delivery of the GluRIIA
subunit to the postsynaptic membrane and elabora-
tion of the SSR. To assess the effects of Aktl on NMJ
physiology, we conducted single cell recordings on
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the muscles of both Aktl mutants and animals with
muscle-specific knockdown of Aktl using RNA inter-
ference. In animals with Akt1®™A' directed to the
muscle, amplitudes of miniature excitatory junctional
potentials (mEJPs) were dramatically reduced, con-
sistent with earlier reports that this measure of mus-
cle response to spontaneous neurotransmitter release
is greatly reduced [Fig. 8(A)] (Petersen et al., 1997).
In larvae bearing a combination of mutant alleles
(Akt1'/Akt1°#**%), mEJPs amplitudes were reduced
but not to a statistically significant level [Fig.
8(A,B)]. However, Aktl'/Akt1%??® transheterozy-
gotes showed significantly reduced EJP amplitudes,
the response of the muscle to a single suprathreshold
stimulus of the motoneuron [Fig. 8(C,D)]. The shape
of the EJP was also altered in Aktl'/Akt1****® ani-
mals, with measures of the EJP decay indicating a
significantly decreased time to restore the membrane
voltage to resting levels [Fig. 8(E)]. We noted these
same changes in EJP properties in animals with Aktl
function compromised in the muscle with targeted
expression of Akt1™A\ The temperature sensitivity
of the GAL4-UAS system allowed the graded reduc-
tion of Aktl function in the muscle. At elevated tem-
peratures, Aktl™*" expression was higher and thus
the reduction in Aktl function was more pronounced.
At 24°C, expression of Akt1®™A in the muscle pro-
duced a significant reduction in the EJP amplitude, as
observed in Aktl'/Akt1™** animals [Fig. 8(F,G)].
The EJP amplitudes were not significantly altered in
animals reared at 18°C where Aktl function was
compromised modestly [Fig. 8(F,G)]. However, at
both temperatures, significant differences in the
decay times of the EJPs in Akt]®™™*i expressing ani-
mals were observed [Fig. 8(H)].

A number of factors can influence the dynamics of
the EJP, including membrane capacitance and resist-
ance, as well as changes in voltage-gated channels in
the membrane. To determine if the muscle membrane
showed any changes in baseline resistance or capaci-
tance, muscle cell responses to small current injec-
tions (InA) were examined. Aktl®™ expressing
animals did not show any significant changes to these
small current applications (data not shown), suggest-
ing that nonvoltage-dependent membrane properties
could not account for the changes we observed in the
EJPs of animals with decreased Aktl function.

It is important to note that electrophysiological
changes observed in Aktl mutant and muscle-specific
Aktl RNAi animals match the morphological and
molecular alterations at the NMJ. In Akt]®™A
expressing animals at 24°C, mEJP amplitudes were
decreased to a nearly undetectable level [Fig. 8(A)],
consistent with the previous characterization of

Developmental Neurobiology



GIuRITA null mutant (DiAntonio et al., 1999). Fur-
thermore, the decreased EJP decay times recorded in
Akt1'/Akt1%**®  and muscle-directed Akt1®™™*" ani-
mals also mimicked a prominent phenotype of Gtaxin
mutant animals (Gorczyca et al., 2007), supporting
the hypothesis that changes in SSR and muscle mem-
branous system were the reason for these physiologi-
cal changes.

Akt1"NA in muscle
control

Akt1®¥in muscle
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DISCUSSION

We explored Akt function in synapse development
and function using a well-characterized model sys-
tem, the Drosophila neuromuscular junction. There is
a single Akt homolog in Drosophila, Aktl, facilitating
the genetic and cellular studies of Akt function in syn-
apse assembly. Our findings are summarized in

B control
O Akt1®™NAin muscle
*

Active zone ~ orth para
length SSR thickness

Figure 5
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Figure 9. We found that Aktl was specifically
required for the correct assembly of A-type glutamate
receptors. Reductions of Aktl function either by
mutation or RNA interference resulted in a loss of
GIuRIIA at the synapse paired with accumulation
into intracellular structures. Reduction of Aktl influ-
enced the levels and localization of proteins shown to
affect GIuRIIA, Dorsal, and Cactus. Therefore, Aktl
could affect GIuRIIA at least in part via control of
these proteins. Aktl was also required for the normal
expansion of a specialized postsynaptic membrane
compartment, the SSR. We provide evidence that
Aktl mediates its effects on SSR via control of the t-
SNARE Gtaxin. RNA interference of Gtaxin did not
affect GluRIIA localization, showing that the control of
SSR expansion and glutamate receptor composi- tion
mediated by Aktl occurs via different molecular
mechanisms.

The analysis of Aktl reported here examined
physiological, morphological, and cellular pheno-
types, using both traditional Aktl mutant alleles and
cell-type directed knockdown achieved with either
of two different UAS-Akt1"™* lines. The results
from these different genetic tools were consistent
and showed that Aktl function is critical for both
GIuRIIA localization and SSR expansion. In particu-
lar, combinations of Aktl alleles resulted in the

Aktl in GluR Composition and Growth of SSR at NMJ 735

redistribution of GIuRIIA into intracellular bands, a
phenotype found to be even more pronounced in
muscle-directed RNAi of Aktl. This remarkable
phenotype was also observed in larvae expressing
both AktI®™™*" and a UAS-transgene-derived GluR-
ITA-RFP in the muscle, the latter detected by ei-
ther  endogenous  fluorescence or  anti-RFP
antibody. It was of note that fluorescent signal
from the GIuRIIA-RFP was reduced at the syn-
apse but receptor mislocalization to intracellular
compartments was detected only with anti-RFP
antibody. Aktl-dependent events were clearly
required for the proper formation of the folded
RFP domain of the recombinant GIuRITA protein
while the polypeptide, detected with the anti-RFP
antibody was present and redirected to an alter-
native cellular location, as we observed for the
endogenous GIuRITA. These data implicate Aktl
in processes of folding, stabilization, or assembly
of GIuRIIA.

A number of experiments were conducted to evalu-
ate if Aktl was required for the localization of spe-
cific postsynaptic proteins, or rather served a more
generalized role in directing a variety of proteins to
this membrane specialization. The correct localiza-
tion of GluRIIB, GIuRIIC, Basigin, Discs large, and
Syndapin in animals with Aktl knockdown in the

Figure 5 Muscle-specific inhibition of Aktl affects the elaboration of the subsynaptic reticulum
(SSR), and Aktl is required for the integrity of the endomembrane system. A: Transmission
electron microscopy shows SSR surrounding the motoneuron terminal in a control animal
(UAS-Akt1™4/1)). Bar indicates approximate dimension of SSR. For both (A) and (B), the size of
the SSR was determined by measuring its thickness in two-dimensions: parallel and orthogonal to
the muscle surface. B: The dimensions and complexity of the SSR were dramatically reduced in
Aktl-compromised larvae (24B-GAL4>UAS-Akt1™*) without affecting the length of the presyn-
aptic active zones (electron dense region, between two black arrowheads), where synaptic vesicles
are released. C: Quantification of the length of presynaptic active zones, parallel and orthogonal
SSR thicknesses. When compared with control animals, SSR thicknesses significant decreased in
all dimensions with Aktlcompromised (24B-GAL4>UAS-AktI®NA). <« denotes p < 0.0005,
n 5 15 each. P, parallel; O, orthogonal to the axis of muscle surface. D-K: To evaluate the organi-
zation of muscle membranes, mCDS8-GFP, a transmembrane protein that tags cellular membranes,
was used. mCD8-GFP expressed in the muscle (G14-GAL4>UAS-mCDS8-GFP) localizes to mem-
brane compartments, including plasma membrane, t-tubules, nuclear envelope, and the endoplasmic
reticulum. The panels (D) (Control; G14-GAL4,UAS-mCD8-GFP/1) and (H) (muscle-specific
Aktl knockdown: G14-GAL4, UAS-mCD8-GFP=>UAS-Akt1™*) show 3D rendered images of se-
rial confocal sections, representing the entire muscle cell thickness in a region where there are no
synaptic boutons. The nuclear layer is located at the top of the image separating cortical (c) and
subcortical (sc) membrane domains. Muscle-specific knockdown of Aktl produced a decrease in
overall muscle cell thickness and reduced the complexity of membrane compartments (H). Akt1®N
results in a more compact subcortical membrane domain and notable reduction in the cortical mem-
brane domain compared to control animals (D). ¢, the cortical membrane domain; sc, the subcorti-
cal membrane domain; n, nucleus; A, anterior; D, dorsal; and Vm, ventral midline. E-G:
Visualization of the SSR by mCD8-GFP, and of the postsynaptic specialization with anti-DLG anti-
body (red). [-K: The extent of mCD8-GFP tagged SSR was dramatically reduced (arrowheads) by
loss of Aktl function. DLG was correctly localized and modestly reduced in comparison with

mCD8-GFP in these animals. Scale bar in (A and B), 0.5 mm, in (E-G) and (I-K), 5 mm.
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Mef2-Gal4>UAS-mCDS8-GFP

UAS-Akt1cr UAS-Akt]®N

Figure 6 The localization and levels of Gtaxin at the postsynaptic specialization are Aktl-depend-
ent, and overexpression of a constitutively active form of Aktl creates ectopic membranes distant
from the synaptic region. Gtaxin localization and levels were examined in animals with reduced
Akt] function or muscle directed expression of a constitutively active form of Aktl, Akt]“. All ani-
mals in this experiment also carried the muscle-specific driver Mef2-GAL4 and UAS-mCDS-GFP
transgenes. Gtaxin and GIluRIIA were detected with anti-Gtx (red) and anti-GluRIIA (grayscale)
antibodies. Panels (A-C), (E-G), and (I-K) are each from a single animal. Panels (D), (H), and (L)
are anti-GluRIIA staining each from a single larva. A-D: Control animals had no Aktl-bearing
transgene either Akt1™A or Akt1* (labeled as 1). Gtaxin is concentrated at the SSR, colocalizing
with mCDS8-GFP (arrows). GIuRIIA is also highly concentrated at the NMJ specialization. E-H:
Animals expressing UAS-Akt1™* showed dramatic reductions in the levels of mCD8-GFP at the
SSR (E) and loss of Gtaxin at the synapse (F), as well as mislocalization of GIuRIIA (H). I-L:
Overexpression of Aktl“* caused ectopic mCDS8 patches throughout the muscle (I), as well as
increased levels of Gtaxin (J). The normal distribution of Gtaxin at the SSR was lost, with mislocal-
ized Gtaxin patches evident throughout the muscle cell (J). Correct GIuRIIA localization was main-
tained in these animals (L). M—O: Transmission electron microscope photomicrographs show
ectopic membranous structures in muscles overexpressing the constitutively active form of Aktl
(Mef2-GAL4>UAS-AktICA). Arrows point to infoldings of multilayered membranes in the cytosol
or underneath the plasma membrane. Scale bar in (A-L), 50 mm, in (M—0O), 0.1 mm.
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Mef2-Gal4>UAS-mCDS8-RFP, UAS-Akt1“*-GFP

control UAS-GitxRNAi

mCDS8

anti-o.-Spec

mCDS8

anti-DLG

anti-GluRITIA

Figure 7 Gtaxin is required for ectopic membranous patches produced by expression of a constitu-
tively activated form of Aktl. Synapse organization was assessed with mCD8-RFP and anti-a-Spectrin
or anti-DLG antibody staining. All animals carried Mef2-GAL4, UAS-mCD8-RFP, UAS-Akt]1“*-GFP,
and over either OreR as a control or UAS-Gtx™A. Either anti-a-Spectrin or anti-DLG with mCD$-
RFP images for each genotype were from the same animal, with a second preparation providing the
anti-GluRIIA data. A and C: In animals with muscle-directed expression of AkthA-GFP, ectopic
patches of mCD8 were observed throughout the muscle (panel A, arrows), while leaving the SSR
structure intact (on set of postsynaptic specializations shown with small arrow). Some of the ectopic
mCD8 membrane patches also showed anti-a-Spectrin antibody staining (arrowheads in C). Inhibition
of Gtx with RNAI abolished the mCD8 patches and greatly reduced the anti-a-Spectrin staining (panels
B and D). Using anti-DLG to examine SSR structure in animals with muscle-directed expression of
Akt1“* also revealed that the membranous patches show some SSR-properties as evidenced by anti-
DLG colocalization (arrowheads and a bracket in panels E and G). Inhibition of Gtx produced loss of
mCDS8-concentrated SSR membrane but not DLG localization to the postsynaptic specialization (pan-
els F and H). As reported earlier and confirmed here, loss of Gtx did not compromise GIuRIIA local-
ization (panels I and J). Scale bar for A—J, 50 mm.

muscle demonstrated that Aktl has specific targeting postsynaptic proteins were reduced in Aktl®™* bear-
functions for GluRIIA and is not a general factor for ing animals, not surprisingly given the substantial
delivery of all postsynaptic proteins. Levels of these size reduction in the SSR.
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Figure 8 Aktl is required for normal electrophysiological response at neuromuscular synapses. A:
Representative traces of miniature excitatory junction potentials (mEJPs) for OreR strain (as con-
trol), Aktl knockdown in the muscle, and Aktl'/Akt1°**?® transheterozygous mutant animals. The
Akt1®™A expressing animals showed no readily detectable mEJP. B: Aktl'/Akt1*?*® mutants, a
mild hypomorphic combination of alleles, displayed somewhat reduced but not statistically signifi-
cant different mEJP amplitude compared with controls (p 5 0.08). C: EJP responses, detected in the
muscle following motoneuron stimulation for control and Akt1'/Akt1%??® mutant. D and E: Aktl'/
Akt1%*%° mutant larvae exhibited significantly decreased EJP amplitudes and decay time compared
to control (**p <<0.005, n 5 24/16). F: Traces of EJP in control (Mef2-GAL4>UAS-mCD8-GFP)
and Akt1® expressing larvae (Mef2-GAL4>UAS-Akt1*NAY) reared at two different temperatures.
G: EJP amplitude showed no difference at 18°C (low level of inhibition, n.s., no significant,n 5 12/
13), but was significantly decreased at 24°C (greater degree if Aktl inhibition,*p <<0.05, n 5 13/8).
H: Similar to the electrophysiological changes observed in the Akt1'/Akt1°***® mutant animals, EJP
decay time was abbreviated in Akt1®* expressing larvae, both at 18°C or 24°C (**p <0.005).
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Figure 9 Model for Aktl’s regulatory role at the NMJ. Aktl selectively affects A-type glutamate
receptor abundance at the NMJ. Compromising Aktl function reduced the levels of Dorsal and Cac-
tus at the NMJ, two potential Aktl targets that regulate GluRIIA levels. Loss of Aktl also results in
GIuRIIA mislocalization to intracellular membrane compartments, suggesting that other Aktl tar-
gets are involved as well. Aktl-dependent subsynaptic membrane expansion is mediated through a
separate pathway where the Drosophila t-SNARE protein Gtaxin acts downstream of Aktl

function.

At the Drosophila NMJ, two types of glutamate
receptors have been defined by their distinct compo-
sitions and physiological properties (DiAntonio et al.,
1999; DiAntonio, 2006). The shifting between A-
and B-type receptors provides a mechanism for mod-
ulating postsynaptic responses to variable presynaptic
inputs during development (Sigrist et al., 2002).
There is considerable evidence that modulation of
GIuRIIA and B representation at the NMJ is gov-
erned by different signaling systems. Coracle, a hom-
olog of protein 4.1 in Drosophila, has been shown to
specifically influence the targeting of GIuRIIA but
not IIB (Chen et al., 2005). A physical interaction
between Coracle and GIuRIIA was essential for
actin-dependent trafficking of GluRIIA-containing
vesicles to the plasma membrane. Conversely, DLG
has been shown to be required for GluRIIB but not
GIuRIIA localization at the NMJ (Chen and Feather-
stone, 2005). Our finding supports the conclusion that
A and B receptor subunits are differentially regulated
and show that Aktl serves a role in A but not B subu-
nit control.

There is evidence that the assembly and localiza-
tion of GIuRIIA into the postsynaptic density at the
NMJ is accomplished following delivery to the
plasma membrane (Broadie and Bate, 1993; Rasse
et al., 2005). This conclusion is based upon the obser-
vation that fluorescence photobleaching of the entire
muscle delays accumulation of new GIuRIIA to syn-
aptic sites more so than local bleaching at the NMJ
(Rasse et al., 2005). The effects of Aktl on GluRITA
localization could therefore be mediated by either
regulated delivery of GIuRIIA-containing vesicles to
the plasma membrane, or by affecting the localization

to the postsynaptic density following insertion into
the plasma membrane. The accumulation of GluRITA
into an intracellular membrane compartments argues
for a trafficking-based mechanism. This model is fur-
ther supported by the results from the developmental
timing experiments, where Aktl function was
removed during different stages in synapse assembly.
Loss of Aktl in a 2 day window early in development
produced the phenotypes observed with continuous
loss of Aktl, whereas a 2 day loss in third instar did
not. If Aktl simply served to retain GIuRIIA at the
synapse, there should have been time for new synthe-
sis to repopulate the NMJ. Therefore, we favor a
model where Aktl affects developmental processes
required for the selective delivery of GIuRIIA from
the endoplasmic reticulum into functional receptor
units that arrive at the plasma membrane. It is notable
that in mammalian systems, Akt is critical for the in-
sulin-stimulated exocytosis of glucose transporter
containing vesicles to the plasma membrane (Gonza-
lez and McGraw, 2006; Grillo et al., 2009). Perhaps
Aktl governs similar exocytic processes at synapses.
Aktl signaling has also shown to be essential for
AMPA receptor trafficking in hippocampal neurons,
further supporting a role for Aktl in trafficking of
synaptic proteins (Qin et al., 2005b; Hou et al., 2008;
Pratt et al., 2011).

A striking phenotype of animals with reduced Aktl
function in muscles was a severe reduction in the
SSR and disruption of intracellular membrane organi-
zation. These phenotypes were similar to those found
in a Gtaxin mutant and suggested the possibility that
Aktl and Gtaxin are involved in the same cellular
process (Gorczyca et al., 2007). A number of
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observations reported here indicate Aktl activity is
mediated at least in part by control of Gtaxin. First,
Gtaxin levels at the SSR are greatly reduced in ani-
mals with reduced Aktl function in the muscle cells.
Second, muscle-directed overexpression of a consti-
tutively active form of Aktl (Aktl1“*) produced ec-
topic membranous structures; a phenotype also
observed with Gtaxin overexpression and elevated
levels of Gtaxin. Third, inhibition of Gtaxin blocks
the effects of the constitutively active Aktl in the
muscle cell. Gtaxin does contain a consensus site for
Aktl phosphorylation and could therefore be a direct
target of Aktl kinase activity in regulating SNARE
complex assembly.

The regulatory roles of Aktl in glutamate receptor
composition and postsynaptic membrane expansion
could be accomplished through separate or identical
downstream effectors. The fact that Gtaxin mutants
did not disrupt GIuRIIA distribution suggests differ-
ent downstream effectors regulated by Aktl. The reg-
ulation of GIuRIIA localization by Aktl does not
involve Gtaxin but could be mediated via Dorsal and
Cactus. Dorsal and Cactus influence glutamate recep-
tor delivery and are known effectors of Akt activity
in mammalian cells (Heckscher et al., 2007; Dan
et al., 2008). The levels of both Dorsal and Cactus
were reduced in animals with knockdown of Aktl in
the muscle. Notably, in some animals expressing
Akt1®™ in the muscle, Dorsal showed an altered in-
tracellular distribution that overlapped with the mis-
localized GIuRIIA. However, because Dorsal and
Cactus mutants are not reported to mislocalize GluR-
ITA into intracellular bands, Aktl is likely to have
additional downstream targets that influence GluRITA
localization and delivery to the postsynaptic
specialization.

Physiological measures of synaptic transmission
showed that Aktl function is required for normal syn-
apse function. Aktl transheterozygous mutants
(Akt1'/Akt1°**) showed reduced EJP amplitudes
and altered decay kinetics of the EJP. These same
phenotypes were observed in animals with muscle-
specific inhibition of Aktl function, with the severity
correlating to the degree of Aktl inhibition. These
changes in EJP kinetics were not accompanied by
alterations of nonvoltage-dependent membrane ca-
pacitance or resistance, suggesting that voltage-gated
channels contributing to EJP rise and decay times
may be affected by Aktl. These findings contrast pub-
lished work with Aktl mutant animals describing
changes in long-term depression but not in EJP prop-
erties (Guo and Zhong, 2006). However, we note that
our physiological studies were conducted at a higher
Ca®' concentration, which could account for these
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different measures of EJP properties in Aktl mutants.
It is important to point out that the physiological
changes we document were observed in both Aktl
mutant larvae as well as animals with RNA interfer-
ence of Aktl in the muscle cell. The physiological
changes we observed in Aktl compromised animals
are logical consequences of observed changes in
NMJ composition. Loss of GluRIIA-containing
receptors and an overall decrease in functional GluRs
at the synapse could decrease the EJP amplitude. The
altered EJP decay pattern in animals with reduced
Aktl is consistent with the involvement of Gtaxin, as
we have documented here. Gtaxin mutants showed
similar changes in EJP decay, indicating that this fea-
ture of Aktl mediated physiological change is associ-
ated with the consequences of compromising the
function of this t-SNARE.

There is a precedent for Akt-mediated regulation
of neurotransmitter receptor localization to the cell
surface. The NMDA receptor subunit NR2C is devel-
opmentally regulated in cerebellar granule cells and
Akt-mediated phosphorylation is critical for cell
surface expression of NR2C-containing receptors
(Chen, 2009). Akt has also proven to be important in
the elaboration of dendritic complexity in Drosophila
sensory neurons, suggesting that this kinase is of
general importance in the control of nervous system
receptive fields (Parrish et al., 2009). Selective
control of Akt or its downstream targets could pro-
vide a powerful method of influencing synaptic trans-
mission and the receptive properties of neurons.
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